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P R E F A C E. 

A Large and elegant bridge^ forming a nvay ever a Broad 

*^^ and rapid river ^ is jtjlly ejieemed one of the noblejl 

pieces of mechanifm that man is capable of performing^ And 

V » $ie ufifulnefs of an art nvbicb, at the fame time that it eon* 

ne£ls difiant Jhores by a 'way over the deep and rapid 'wafers^ 

\ ( alfo allocs thofe ^waters and their navigation to pafs fmooth 

^ afid uninterrupted^ renders all probable attempts to advance 

• j^ the theory or praflice of ity highly deferving the encouragement 

»/ the public. 

'^ This little book is offered as an attempt to*wards the per^ 

It^ fefiion of the theory of this art^ in lukieh the properties y di* 

menfionst proportions ^ and other relations of the various parts 

\ \^ of a bridge y are firi£lly demonflrated^ and clearly illujiraied 

by various examples. It is divided into five fe£l ions :. the ift 

^ treats $n the projeSls of bridges ^ containing a regular detail 

> of the various circun{ftances and conji derations that are cog" 

.^ nizable in fuch projeQs : The 2d treats on arches ^ denion- 

^ grating their various properties j ivith [the relations bet*ween 

their intrados and extrados^ and clearly dijlinguifloes the moft 

preferable curves to be ufed in a bridge ^ the firft tnxjo or 

three propojitions being injlituted after the manner of tnvo or 

three done by Mr, Emerfon in his Fluxions and Mechanics : 

The ^d feElion treats on the spiers y demonjlrating their thick' 

nefs necejfary for fupporting any kind of an archy fpfinging at 

any height , and that both tvhen part of the pier 'is fuppofed 

>^ to be immerfed in nuatery and nvhen other*wife : The j^th de- 

^ fiipnjlrfites the force of the luater againji the end or face of 

J the pier y conjtdered as of different forms ; wth the befi fortn 

J^ for dividing the ft ream y he. and to it is added a table 

\ fi^^^^g the fever al heights of t be fall of the 'water under the 

V arches y arifing from its velocity and the obftru{lion of the 

^ piers : as it nvas compofed by Tho, Wright ^ Efq\ of Auckland y 

^ in the county of Durham y nuho informs me it is part of a 'work 

"^ on fwhich he has fpent much timCy and nvith 'which he intends to 

r favour the public : And the ^th and laft fe£iion contains a 
iiClicnary of tkt moft material terms peculiar to the fubje^i ; 

- 345572 



iv PRE ¥\A C E. 

i/t ivhich fftdny pra&ical ohferi)ations and direnions are given i 
nvhtch could not he fo regularly nor properly Introduced into 
the former fe^ions. The nuboUy it is prefumed, containing 
full diredions fot confituting and adapting to one another^ 
the fever al ejfential parts of a bridge, fo as to make it the 
ftrongejly and the ntoji convenient^ both for the pajfage over 
and under /V, that the Jituatidn and other ciircumjiances 'will- 
pofthly admit : not indeed for the aClual methods of difpofing 
thejionei^ making of mortar, or the external ornaments, isc* 
thofe things I do not defcend to^ but leave to the difcretitn of 
the practical archite^y as being no part of the plan of my un- 
dertaking ; and for the fame reafon dlfo I have given Ho tienus 
of bridges 9 hut only prints of fuch parts or figures as are ne* 
eejary in explaining the elementary parts of the fuhje^^f. 

As my profeffion is not that of an architt^y very probMy / 
Jhould never have turned my thoughts to this fubjeii^ fo As to 
addrefs the public updn it, had it not been from the occajion of 
an accident in that part of the tountry in nuhich I rejide, viz. 
the fall of Ne<ivcajile and other bridges on thi river Tyne oh 
the i*jth of novembet 177 1, occafioned fy a high fiood nvSich 
rofe about 9 feet higher at Ne<wcajile than the ufual fpring 
tides do,' And this occajion having fur nifhed me 'with many 
opportunities of hearing and feeing very ahfurd thing t advanced 
en the fuhje£l in general, I thought the demonftrations of the 
relations of the ejfential parts of a bridge, nvould not be unac- 
ceptable to thofe architects and others *who may be capable of 
perceiving the force of them, and nvhofe ignorance may not 
have prejudiced them againft things 'which they do not un" 
derjiand. 

In the \th feSlion there is one thing forgotten /• be re* 
marked, viz. That in determining the heft form of the end of 
the pier to he a right4ined triangle^ the nuater 'was fuppofed 
to ft r ike every part of it 'with the fame velocity : had the vari^. 
ably increafed velocity been ufed, the form of the ends nvould 
come out a little curved; but as the inereafe of the velocity in 
the heft bridges is very f mall % the diffe fence irt thctn is quit§ 
imperceptable* 

THE 



THE 

PRINCIPLES 

OP 

STONE BRIDGES. 

SECTION I. 

Of the PrcjeBs of Bridges y with the De/tgn^ 
EJlimate^ ^c. 

WHEN a bridge is deemed neceffary to be 
bmit over a river, the firil confideration 
is the place of it ; Sr what particular fituation 
will contain a maximum of the advantages over 
the difadvantages* 

In agitating this moft important queftion, e- 
very circumftance, certain and probable, attend- 
ing or likely to attend the bridge, fhould be 
feparately, minutely, and impartially ftated and 
examined; and the advantage or difadvantage 
of it rated at a value proportioned to it : then 
the difference between the whole advantages and 

B dif- 



2 The Principles of Bridges* 

difadvantages, will be the neat value of that 
particular fituation for which the calculation is 
made. And by doing the fame for any other 
fituations, all their neat values will be found, 
and of confequeftce the moft preferable fituation 

among them, Or, in a competition between 

two places, if each one's advantage over the 
other be eftimated or valued in every circum- 
fiance attending them, the fums of their advan- 
tages wijOi fliew whether of theih iS the better* 
' And the fame being done for this and a third, 
and fo on, the beft fituation of all will be ob- 
tained. 

In this eftimation, a great number of particu- 
lars muftbe included; and nothing omitted that 
can be found to make a part of the confideration. 

Among thefe, tlie fituation of the town or 
place for the convenience of which the bridge 
is chiefly to be made, wilk naturally produce a 
particular of the firft confequence ; and a great 
many others ought to be facrificed to it. If 
poflible, the bridge fliould be placed where there 
can conveniendy be opened and made paflages 
or ftreets from the ends of it in every dire<!:lion, 
and efpecially one as nearly in the direftion of 
the bridge itfelf as poflible, tending towards the 
body of the town, without narrows or crooked 
windings, and eafily communicating with the 

chief ftreets, thoroughfares, &c. And here 

every 
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ey^ry perfop, in judging of thi^, flipyl4 diyeft 
himfeif of all partial regards or attachments what- 
ever ; think and determine for the good of the 
whple pnly, and for pofterity as w^ll as the pre- 
ffnjt. 

The banks or declivities towards the river 

. are alfo of particular concern, as they affect the 

conveniency of the paiTage to and from the 

bridge, qf determine the height of it, upon 

which in a great meafure d^p^nds the gxp^pc^. 

The breadth of thg rjyer, the navigation upon 
it, ^nd the quantity of water to be paffed, pr 
the velocity and depth of the ftream, fonn alfo 
$:onfiderations of great moment ; as they dpter- 
inine the bridge to be higher pr lowpr, longer 
or fliorter. However, in moft cafes, a wide part 
of the river pyght rather to be chofen than ^ 
narrow one, elpecialjy if it is fubjp<5i: to great 
tides or floods ; for,^ the increafe4 yplpcity of 
the flream in the narrow part, being again aug- 
mented by the farther contraction of the bjeadth, 
by the piers of the bridge, will both incommode 
the navigation through the arches, and imder^. 
mine the piers and endanger the whole bridge. 

The nature of the bed of the river is alfo of 

great concern, it having a great influence on the 

expence j 4s upon it, and the depth ^nd velocity 

B 2 pf 



4 The Principles ^Bridges. 

of the ftreanr, depend the manner of laying the 
foundations, and building the piers. 

Thefe are the chi^f and capital articles of con- 
fideration, and which will branch themfclves out 
into other dependent ones, and fo lead to the 
required eftimate of the whdie. 

Having refolved on the jdace, the next con* 
fiderations are the form, the eftimate of the ex* 
pence, and the manner of execution. 

With refpeft to the form ; ftrength, utility, 
and beauty ought to be regarded and united j 
the chief part of which lies in the arches. The 
form of the arches will depend on their height 
and fpan j and the height on that of the water, 
the navigation, and the adjacent banks. They 
ought to be made fo high, as that they may 
eafily tranfmit the water at its grcateft height 
cither fiom tides or floods ; and their height and 
figure ought alfo to be fuch as will eafily allow of 
a convenient paflage of the craft through them. 
This and the difpofition of it above, fo as to ren-^ 
der the paflage over it alfo convenient, maka 

xip its utility. Having fixed the heights of 

the arches, their fpans are ftill neceflkry for de- 
termining their figure. Their fpans will be 
known by dividing the whole breadth of the 
river into a*cpnvenient number of arches and 
piers, allowing at leafl: the neceflary thicknefsof 

the 
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the piers out of the whole. In fixing on the 
number of arches, take always an odd number, 
and rather take few and large ones than many 
and finallar, if convenient : For thus you will 
have not only fewer foiindations and jners to 
make, with fewer arches and centers, which will 
produce great favings in the expence, but die 
arches themfelves win alfo require much lefs ma- 
tericds and <wodtmanfliap, and allow of more and 
better paflage for the water and craft through 
th^m } and will appear at the fame time more 
noble and beautiful, efpeciaHy if conftrufted in 
ellq)tical, or. in cyclokls^ f<Mrm6 : for the trtith of 
which it may be fufficient to refer to that noble 
and elegant bridge lately built at Blackfriars, 
London, by Mr. Mylne. And here I can^t help 
remarldng that the Geritleman who, a few years 
fince in a pamphlet on the Principles of Bridges, 
cenfured Mr. Mylne ^nd Mr. Muller concerning 
elliptic arches, has very much expofed himfelf, 
and abfurdly critkifes them through his own 
want of matheinatical knowledge, which he fomc- 
where in the fam^ pamphlet afFefts to defpife. 
He brings to my mind an expreflion of (I think) 
Mr. Henry Fielding fomewhere in his works. 
That a perfon does not fpeak the worfe on a 
fubjeft for knowing fomething about it. I do 
* not however make this remark through any par- 
ticular difrefpeft for this Gentleman, concerning 
whom I know nothing farther, any more than I 
do about the other two Gentlemen, but only to 

prevent 
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prevent otlws fr9m being prejudiced and mifled 
by the authority of hijj i^ dixit. — If the top of the 
bridgp be a ftreigiht* horizontal line, let the arches 
be made all of a fize j if it be a little lower at 
thie ends than the Qiiddle^ the jarche^ muft pro- 
portionally decreafe from the middle towards the 
ends J but if higher ^% th,e ends thai^ tjie middle, 
let them increafe towards the ends, A choice 
of die moft conirenij^nt arches is to be mad^ 
from the 4th and 5th pippofitionjs, where their 
feypr^ pr;0pertiies5 $cc. are demonftrated . and 
pointed out : Among them, the jdKptic, jcydoir 
dal, and equilibria) arch ia prop. 5, ydU genCr 
rally claim the preferencf , both on account of 
their ftrength, bjeauty, and cheapnefe or faving 
in materi^s and labour : Other particulars alfo 
concerning them Q^ay be feen under thie word 
Arch in the Diftionary in the laft feftion* And 
as the choice of the arch i^ of fo greac moment, 
let no perfon, either through ignorance or indo- 
lence, prefer a worfe ^rph becaufe it.may feem 
to him eafier to conftruft; for he would very 
ill deferve the name or employment of an Archi- 
teft, who is incapal?],e pf rendering , the exaft 
conftruftipn qf thefe curves eafy and familiar to 
himfelf ; bjit if, by chance, a Bridge-builder 
Ihould be employed who is incapaWe of doing 
that, he ought at leaft to be endowed with fuch 
a fliare of honefly as to procure fome perfon to 
go through the calcviUtions which he cannot 
make for himfelf. 

Next 
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Sea I. The Profess of Bridges, &c. 7 

Next find what thicknefs at the keyftone or 
top will be neceffary for the arches. For which 
fee the word Keystone in the Diftionaiy in the 
laft feftion. 

Having thus obtained all the parts of the 
arches, with the height of the piers, the necef- 
{ary thicknefs of the piers themfdves are next to 
be computed by prop. 10. 

This done, the chief and naaterial requifitcs 
are found. j the elevation and plans of the deiiga 
can then, be drawn, and the calculations of the 
expence from thence made, including the foun- 
dations, with fuch ornamental or accidental ap- 
pendages as fhall be thought fit; which I (hall 
leave to the difcretion of the Pradical Architeft, 
as being no part of the plan of my undertaking, 
together with the praftical methods of carrying 
the dcfign into execution. I Ihall however, in 
the Dictionary in the laft feftion, not only de- 
fcribe the terms, parts, machines, &c. but alfo 
fpeak of their dimenfions, properties, and any 
thing elfe material belonging to them; and to 
which therefore I from hence refer for more ex- 
plicit information in each particular article, as 
well as to thefe immediately following propofi- 
tions, in which the theory of the arches, pi^s, 
^c. are .fully and ftridUy demonftrated. 

SEC- 
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S ECTI ON II. 
0/ the Jrches, 

Proposition I. 

/ ET there be any number of lines AB, BC, 
CD, DE, ^c. all in the fame vertical 
plane^ conneSled together and moveable about 
the joints or angles A, B, C, D, E, F; the tivo 
extreme points A and P being fixed: It is re- 
quired to find the proportions of the weights 
to be laid upon the angles B, C, D, 6?c. fo that' 
the whole may remain in equilibrium. 




Solution. 

From the feveral angles having drawn the 
lines Bb, Cc, Dd, &c. perpendicular to the 
horizon^ about them, as diagonals, conftitute 

paral* 
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Seft. IL Of the Arches. 9 

parallelograms iudi, that thofe fides of each two 
that are u{k>a the fame one of the given lines^ 
may be equal to each other ; viz. having made 
one parallelogram mn, take Cp = Bn, and form 
the parallelogram pij ; thea take Dr = Cq, and 
make the parallelogram r s ; and take £ t =: D s, 
and form the parallelogram tv; and fo on: 
Then the faid vertical diagonals Bb, Cc, Dd, 
Ee, &c. of thofe parallelograms, will be propor- 
tional to the weights, as required. 

Demon/lratton. 

Bt the relblution of forces, each of the weights 
or forces Bb, Cc, Dd, &c. in the diagonals of 
the paraUelograms, is equal to, and may be re- 
jCblved into two forces exprefled by two adjacent 
fides of the parallelogram ; viz. the force Bb 
will be refolved into the two forces Bm, Bn, 
and in thofe direiftions ; the force C c into th^ 
two forces Cp, Cq, and in thofe diredtions ; the 
force Dd into the two forces Dr, Ds, and in 
thofe direftions ; and fo on : Then, fince two 
forces that are equal, and in oppofite diredions, 
do mutually balance each other j therefore the 
feveral pairs of forces Bn and Cp, Cq and Dr, 
Ds and Et, &c. being equal and oppofite, by 
the conftruflion, do mutually deftroy or balance 
each other; and the extreme forces Bm, Ev, 
are balanced by the oppofite refiftances of th^ 
£xed points A, F. Wherefore ther^ is &Q fQrcf 
C ' to 



10 ^ T;&^ Principles ^f Bridges. 
to change the pofition of any one of the lines, 
and confequently they will aU remain in equili- 
brium. ^E.D. 

Corollary. 

Hence, if one of the weights and the pofitions 
of all the lines be given, all the other weights 
may be found. 



Proposition II. 

IF any number of lines ^ that are conneSied to- 
gether and moveable about the points of con-^ 
ne^ionj be kept in equilibrium by iveights laid 
upon the angles^ as in the lafi propofttioii : Then 
ivill the iveight on any angle C be univerfally 

ftne of the ^:i:L^CT> ^7 , • ,• rr/ 
as -^ — ^77:; y^T^ ; that is. directly as 

J. -^ BGC X X. -c::^. CCD ' -" 

the fine of that angle^ and reciprocally as the 
fines of the tixjo parts or angles into ivhich that 
angle is divided by a line drawn through it 
perpendicular to the horizon. 

Demonpration. 

By the laft propofition the weights are as Bb^ 
Cc, Dd, &c. when Bn = pC, Cq = rD, Ds = 
tE, &c. But, fince the angle ABb is = the angle 

Bbn, 
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Bbn, and the angle BCc = the angle Ccq, &c.. 
as being always the alternate angles made by a 
line cutting two other parallel lines ; alfo the fine 
of the -^ ABC = 8.-^:1 Bnb, and s, ^ BCD 
=^ s. .^:C Cqc, as being fupplements one to ano* 
therj by plane trigonometiy we fliall have 

f^ V Bbxs.-s-iABb f^ . Ccxs.-c-icCD 

,r^ .Ccxs.-csi.BCx: ,^ . Ddxs.-s:idDE 
<^^=) ^T^BCD- =CP"=) s.^CDE * 
,Tx .Ddxs.-^CDd ,„^ .Eexs.-^eEF 
<P^=) s.^CDE =(^^=) s.^D£t- * 



Hence 
Bb ; Cc 

Cc : Dd 



&c. 
ABC s. -iiBCD 



s. ^ ABb • s. -sicCD * 
s. ^B CD . s. ^ CPE 
s.--iB'Cc" • s.^dDE' 



s. ^CDE s. -iiDEF, 
^*^ * ^^ • • s. ^ CDd • s.^ eEF~ 

&c. 

Or, by dividing the latter terms of the firft of 
thefe proportions each by s. .<:^ bBC, and then 
compounding together two of the proportions, 
then three of them, &c. ftriking out the com- 
mon fadors, and obferving that the s. -ii bBG 
is = s. :^ BCc, the s. ^iC cCD = 3.-2:: CDd, 
&c. we Ihall hs^ve 

C 2 Bb 
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""•^••g.zABbxs.zbSC*8.-<lBaxs.ZcCfi* 

PK.nj.. g. ZABC s.zCDE 

""•^'^••s.zABbxs.zbBc's.zCfidxs.zdbE' 

pu-p.... s. ZABC . 8,z DEF 

^•^^-s.zAfibxs.ZbBCs.zDteexs.zeEF" 

Otherwtfe. 

SiHCE Cp or Bn : Bm or nb : : s. .^^Bbn 
or s. .id ABb : s. .^ bBC or s. 4e^ BCc : : 

s.^BCc • s.-*£.ABb' 

and Cp or qc : Cq or Dr : : i. .1^ cCq or 
8. ^.£:.CDd : 8. .<£:Ccqors. ^iBCc :: 

! . t__ - 

8.^ BCc • S.-:iCDd» 

it ia dear that Cp is as ~-^g^} ^^ i*> 

tiie forces mB, pC, rD, &c. are reciprocally as 
the iines of the angles which they make with 
the vertical line. 

.... -, . Cp X 8. <«c Cpc 

And fince Cc is = —^ — ^ f^ ^ = 

8. ^c Lcp 

Cp X s. -^ BCD j^gygfoyg jj^^ fo^g Cc is 
" s.-£:cGBxs.-£icCD <.*•*'• 
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C/raUary, 

It DC be produced to h ; the fine of die 
^a, hCB bem^ s to dte &ie of its fuj^pkitaeiit 
BCD, the weight or force Cc ^nll be aa 

sVl^BC^t^cfcD ' ^^ick «rfe< ^gl« togc- 
tlier make up two i%ht angles. 



)^ROPO« 



H 
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Proposition III. 

TO find the proportion of the height of the 
nvall above every point of an arch of equilibra^- 
tion : That is J if GHIK be the top of a ivall- 
fupported by an arch ABCD ; it is required to 
find the proportion of the perpendiculars B H, 
CI, (i^c. fo that ail the parts of the arch' may 
be kept in equilibrium from falling, bythevueight 
or preffure of the fuperincumbent ivalL 




Solution. 



The lines of equilibration in the former pro- 
pofitions being imagined to become indefinitely 
fmall, they will conftitute a curve of equilibra- 
tion, and the weights will prefs upon every point 
of it, arid will be refpeclively equal to the per- 
pendiculars 
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pendiculars BH, CI, &c. drawn into their re- 
fpe6Hve breadths, fuppofing them to be indefi- 
nitely .narrow parallelograms : Alfo the angle 
h C B will become the angle of contaft formed 
by the tangent and curve, whofe fine is equal 
to the angle itfelf or its meafure, and the an- 
gles cCB and cCD become equal to the 
angles cCh, cCk, or equal to the angles ICk, 
ICh, whofe fines are equal, becaufe the angles 
are fupplements to each other. Thcfe values 
being fubftituted in the expreflion in the co- 
rollary to the laft propofition, we fliall have the 

r r^ 11 1 4-^. the angrle hCB 

force Cc or parallelogram Ci as *— r= 



or as 



the--ikCD 



kCP^ 



Now fupppofing thefe narrow parallelograms 
to ftand upon indefinitely fmall equal parts of 
the arch, their breadths will be dire<flly as the 
s. -<::i kCI and inverfly as radius ; hence the pa- 
rallelogram IC X s.^kGI is as ^^^^^^ 



and confequently the altitude IG as 



s-^kCI^*' 

the ^k CD 

^TZkCP' 



or as the ^ kCD x fecant ^ kCPl' ; CP 
being perpendicular to CI, and the radius all 
along equal to unity. 

But the angle of contaft kCD is as the cur- 
vature of the arch, and that again is inverfly 
^" . as 
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as the radius of cuirature ; wherefore IC ii 

- fe^ ^^ Ir C! PI * 

K for the radius of cmvature to the point C ; 
that is, the height of the wall above any pointy 
is reciprocally as the radius of curvature and 
cube of the fine of the an^e in which the ver- 
tical line cuts the curve in that point, or reci- 
procally as the radius of curvature and diredly 
as the cube of the fccant of the curve's inclina- 
tion to the horizon. 

(hrollary i. 

Hence, if the form of the arch, or nattu^ of 
the curve ABCD be given, the f<^ra& of the 
line GHIK bounding the top of the wall or 
£onxiing the extrados, may be found fo, that 
ABCD ihall be an arch of equilibration, or be 
in equilibrium in all its parts by the prefibre of 
the wall. 

For, fince the arch is given, the radius of cur- 
vature and pofition of the tangent at every point 
of it will be given, and confequently the pro- 
portions of the verticals BH, CI, &c. And by 
afiiuning one of them, or making it equal to an 
ai&gned length, the reft will be found from it ; 
and then the line GHI &c. may be drawn 
through the extreznities of them aU» 
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Corollary 2. 

And if the Ene GHIK, forming the top of 
the wall be given, the curve of equiKbration 
A BCD may be found. And the manner of 
finding them both, the one from the other, wc 
fliall teach in the two following propofitions- 

Corollary 3* 

If the arch A BCD be a circle; the radius 
©f cuiVatiire yifili be conilant, and the angle 
kCB always meafured by the arc DC, fup- 
pofing D the vertex of the curve; and then 
CI will b€ w^ery-where as the cube of the fe- 
<»jdit of the arc DC« 



t> ^ Vaxh 
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PkOPO S IT ION ly. 

. Maving given the Intrados^ to find the 
Extrados. That isj given the nature or form of 
an archy to jmd the nature of th^ line forming 
the top of the fuperincumbent waMj hy whofc 
prejfure the arch is kept in equilibrium. 

Solution^ 

Let D be the vertex of the given curve 
ABCb, and K that of the required fine GHDE:. 
Put ^ = DK, X = kP the abfciffa, j' = PC the 
ordinate, z = D d the arch, and R =s the radius 
of curvature at the point G ' .„ 

Now, by the laft prop, CI is as ^^*^^p 

But, by fimilar triangles, 2iS y : z : : i (radius) 

: - = fee. -^ kCP; therefore CI is as — r-.. 
y Ry^ 

Again, in every curve whofe ordinate is refered to 

an axis, the radius of x:urvature J? is ^ ^-^ r-r. • 

y9c-xy 

wherefore Cfl will be as - — -. — ^, or CI = 

y 

— ^y — ^ X 2,5 where j^^is a conftant quantity 
• whofe 
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whofe yalue will be determined by taking the 
expreffipn for the given pefpenjiicular DK at 
the verte:^ of th6 curve. 

Corollary. . 

Hence then, as either x or y may be fup- 
pofed to i|ow uniformly, and confequently either 
of their fecond fluxions equal to nothing, by 
diking either of the terms out of the nume- 
rator of the above value of CI, and then ex- 
terminating either of the unknown quantities 
by the equation of the curve, the value of CI 
will be obtained; as j^ do»§.in the following 
jfpi^amples. 



Da 



E^. 
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Example i,, 
Tb Jind the extrados of a circular arch. 




Let (^be the center and D the vertex pi 
the given circular arch, K the vertex of the 
extrados, and the other lines as in t|ie figure. 

Put a = DK, r == A<^= QD = the radius, 
f = DP, and;' = PC=:RI. 



Then y = s/irx -- xx^ y = 



Wd^ = 



2rx ^ xx^ 



r -- X 
— =X^. 

^yirx-^xx ^ 

-, by making x^o. lience 

r 

CI 
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h»4.» 



X ^^^"^*^^, xj2, = =^=St- But, at the vertex 
« fs F 9> ^P^ then CI is = DR = 41 = '^; 
s= — ^= — . Confequently the value oi^Q^is 
sz ar. And the gencr^ value of CI or - — ^^ 



7:^' 



tSifx 



r — ft 






Otberwife^ 
By makicg ;f conftant. 

The notation remaining as before : we have 
f( is r •- s/r* r-y*^ }( = ■^■^ , and * = 

- '''-y* . Hence CI or 11:111 x ^becomes 
rr — yy^^ y* ■ 

4^ X £ = =^* This when ^ = o, give* 

j^f • rr—yy'^ 

4P = ^, j^ld Q^= sr ^ before. Ai^d confe- 

quentlf 
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quently CI or 
= . — vj^, ^ as before. 
Hence the equation to *he curve KI is if 






or =5 



^ + r-x/r*^y^^ 



ar 



rt'-^yyi 



r 



Corollary i^ 

Hence KIG is a curve running up an infi* 
Tiite height towards G, the perpendicular AG 
being an afymptote to it : And the curve is 
accurately as reprefented in the figure, when 
the thicknefs DK at the top is i^i^ih of the 
ipan. 



Corollary 2. ^ 

But the curve KIG is quite inconvenient 
for the form of the ex- ^ 

trados of any bridge} 



however a ftrdght ho 
itizohtal line IK mighf: 
be ufed inftead of it, if ^ 
the materials of wli\ch 
the arch is built, could 




be 






I 
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i)e fo chofen, as that they might increafe 
in their fpecific gravity from DK towards CI, 
continually as the cube of the fecant of the 
arch from D* And this again perhaps would 
be quite impraciicabk : But if a circular arch 
and a right line at the- top wcife nectjfarily 
required, the propoitibn of DK to the radius 
DC^may be found fo as the arch may be 
nearly in equilibrium thus : 

When KI k a right line, then KR in th6 
figure to the example, muft be nothing ; or ra-* 
ther when the curve croffes the horizontal line, 
then K R is equal to nothing ; put its value 
then^ as found aboVe, equal to o, and we fhall 



ar 



have ■ •-* ^ — r 4^ s/r"" — ^* = o, and 

from this equation, by aflbming one of the 
\ quantities, dy y^ the correfponding value of the 



\ other may be found for the point where the 

curve croffes the horizontal line ; fo from hence 

* r — ^y^ 
the general value of a is ( ~ — 




lue of ^ or DK evidently becomes = o when 
the arch cohfifts of the whole femi-circle ; but 

when 
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when the. arch is left than the femicircle, a witt 
have a finite value, and between <5o and 120 de- 
^ees many arches of equiKbration of a certain 
thicknefe at top nuy be found. Thus, if the 
half arch DC contain 30 degrees ; then its fine 
/ or PC IS =: ir J which being fubftituted for • 
It in. the above general value of a, we have 

^ ^ "^ — ^ ^''* ^ - '*■ ^trcmcly near • 
that is, PK is = :j of DC^or ^ of 2 PC the 
fpan when the curve cuts the hoifeoBtal liiic 
diredtiy above the point in the circle which an- 
fwers to 30 degrees. And if DC were an arch 
of 45 degrees J then ;^ = r v/^, and a = S^^-J 

*''"" TSo' ^^ ^ ®^^^ W nearly. iUfo, if 
D C were 60 degrees j then y^r^^J'andaA 
^ o{ r =s ^, or tV of the fpan nearly.—^-*' 

So that in each of thefe cafes the fxjirits C and 
D would be in equilibrium j but theft abdutthe . 
middle parts between D and C, or rather nearer 
to D than to C, the materials fjiould be a little 
lighter than at D and C, and the exaft propor- 
tion in which their gravity fliould be diminilhed, 
might eafily be found by calculation ; fo in the 
firft cafe, in particidar, the fpecific gravity of • ' 

the materials in the middle of the arch between 
D and C, that is at 15 degrees from D, Ihould 
be to that at D or C, as 278 to 384, which is 

but 



- TT 
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but a very inconiiderable decrcafe, and may be 
Very well neglefted.— — -La the firft two cafes, 
the thicknefs at the top would be too much; 
but in the latter one, when the whole arch is 
120 degrees, the thicknefs is juft about that 
which the beft architefts now allow; and in 
greater arches the thicknefi would become too 
little. So that an arch of nearly about 120 de» 
grees, is the only part of a circle that can be 
ufed with any degree of propriety* 

Examples. 

^0 determine the extrddos of an elliptical arch of 
equilibraticnm 




Sut^posE this Curv^ iii the ibove figure to be 
a femi-dlipfe, with either thfci Idriger or Ihorter 

E axe 
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axe horizontal ; and let b denote the horizontal 
femi-axe AQ^ and r the vertical ane DQ^, and 
all the other letters as in the laft example. 

Then, by the nature of the ellipfe, r : h : : 
s/irx — ;^\v : j^ = — v/2r;v — xx j hence y = 

~r X .. and y = .,. ^y 

.^ V irx -- XX ' zrx — xxv^ . 

making x conftant. Then Gl = "^. -^ x ^is 

hrx^^ • r' 2 /•;(? — A-A"!* r+P 
= — — X "^ — ^^- 



2r;v — xx^^ h^x^ r— xV h^.TZT^^ 

But when ^ is =i: o, thk expreffion becomes a 

= ^^, and then ^= — j confequently GI is 

s= i7 X 



DRxDQ/ . . . . 
Trr\i^9 the fame as m 

the circle. And the fame expreffion may be 

brought out by making y conftant. 

Hence the nature of the curve KI is flius ex- 

3 



preffed, KR = ^ + .v — <j x 



=; ^ + r 



r -^ x\ 

-- T \/hh "-yy — . , and is of the fame 

•^ hh^yy^^ 

kind with that in the laft example. But the 

elliptic arch may take a ftreight line at top better 
than the circular one, when the longer axe is 

hori- 
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liorizontal, becaufe the arch is flatter, or of a 
lefs curvature ; and worfe than the circular arch, 
when the Ihorter axe is horizontal. 



Example 3. 

^0 detpmtne the figure of the extrados of a fara^ 
' bpHc arch of ec^uilibratim* 




Put q = KD, r ^ D(^, I? =r QA, x = TX^^ 

Then, by the nature of the curve, hh : yy^ 
: : r : ^ = ^; and henc? x = -rx", atnd x 



hh 



hh 



=- l^y , by makmg y conftant- Tl^n CI = £ 

5< J^ is =5 --jrr^— a conftant quantity = a ; thj^t 
is, CI is every-where equal to KD. 

E 2 Confcf 



*8 
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Confcqnendy KR is 5= D P } and fince RI is 
:= PC, it is evident that KI is the fame para-^ 
bolic curve with D C, and Vf^J be placed any 
height above it, 

EXAMPLB 4^ 

To fnd tbe Jigurfi of the e^tradps fpr An hyffrt 
Wic arch of equilibratiotf. 




Put /I = KD, r = the femi-jtranfverfe, and 
A i= the femi-cpnjugate axe, ^ = D|?, and y ^ 

PC = RI- 

Jhen, by the nature of the hyperbola, ;? =5 
r \<2rx + XX : hpnce y =: —- x y ; . - 1 



and ;' = : 



^h 



rx^ 



— , by making x conftant« 



%rx + xxV 
yyhereforg CI orZJZ X Sj^ ^^ '^'^., > But 



when 



gcft JXf ^f the Mhtu Z9 

'whci^ ;r =s 0, thi? cxpr^ffion becomes -t^= ^ ; 

Iience ^ = « ^ and confeciuently CI or 

Whence the equation to the curve KI )rc» 
• quired wiU be KR = (a + .a^ — CI =) /i + 4; 

ar^ r /t; r— ab^ 



SchQliumf 

In this hyperbolic ar^h then, it is eyi(!ent 
that the extrados fi[I continually approaches 
nearer to the intradps ; whereas in the circular 
and elliptic arches, it goes off continually far* 
ther from it j ?nd in the parabola, the two 
ctwres keep always at the fame difiance; ob* 
ferving however that by the diftance between 
the two curves, in each of thefe cafes, is meant 
th^ir diil^nce in the vertical diredion* 



Ex- 
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E X A M p L E 5, 

7o find the extrados for a catenarian arch of 
equilibration^ 



I,ET a = KD, ;y = DP, and ;^ = PC = RI, 
as before ; ^o let c denote the conftant tenfion 
af the curve at the vertex. 

Then, by the nature of the catenary, ;^ is = 
c X hyp. log. of il J hence, 

taking the fluxions, we hav? y = 



ex 



is/ 2CX +XX 



and jr = ^cx^ x . .^ , by making k 

zcx^i^xxS^ 

conftant. Wherefore C I or =1^^ x J^s = ^±^ 

y'^ CC 

X ^. But at the vertex ;p is = o, and CI =; 
^ = ^1 confpquently ^is = ^^, This bein^ 

written 
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written for it, there refults CI = x a = 

a + — . 

c 

Hence, for the nature of the curve KI, we 
Lave KR =: (^ + ^ — CI ;=) ^ =;'■ "" ■ X x^ 



Corollary. g 

And hence the abfclfla DP is to the abfciffa 
KR, always in the conftant proportion of c to 
I — a. So that, when a is lefs than r, R and 
the curve KI lies below the horizontal line; but 
when a is greater than c, they lie above it ; and 
when a is equal to c, KR is always equal to 
nothing, and KI or the extrados coincides with 
the horizontal line:. 

As a diminiflies, the line KI approaches nearer 
to D C in all its parts, till when a entirely va- 
nithes, or is fo little in refpeft of c as to be 

omitted in the expreflion x a? = KR, the 

two curves quite coincide throughout. 

Scholium. 

As we have fouiid above that the exti^ados 
will be a ftreight horizontal line when a is equal 

to 
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to r, I fliall here make a calculation to deter- ; 

mine, in that cafe, the value of r, and confe- j 

quently of a with refpeft to x and j^, or a given | 
fpan and height of an arch« 

Now the equation to the Curve expreffcd in 
tenns of c, ;v, and jr, is ;f = c x hyp. log. of 
c^x^s/^cx^jcx ^^^ ^^^^ ^ and ^ are 

given, the value of c may be found from this 
equation, by the method of trial and error- But 
as the procefs would be at beft but a tedious 
one, and perhaps the method not eafy in this 
cafe to be praftifed by every perfcm, I fliall 
here inveftigatd a feries for finding the value 
of c from thofe of x and y mz, direft manner- 

Since then j^ is =; r x hyp. log. of 
^±. ^^^"-""" , by taking the fluxion of 



this equation, we have y, = 



ex 



\/%CX + XX 

\dx 



_____ by writing d for ic\ and by ex* 
^ dx + XX 

panding this expreffion into a feries, it becomes 

• /d 
y^\xs/^y. 

%d 2.4^* 2.4.6^* 2.4.6«8^ 

and^ 
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and, by taking the fluents w« have y =r i>/dx x 

2.3^ 2.4.5 J* 2.4.6.7^^ 2.46.8.9^* 
and hence, by dividing by x^ we have *2-=: v - )c 

or, by writing v for ^ and w for v -, it is v ss 

«, L. + _iJ Il3v5 +_i:ll5i7_ g,^^ 

2.3W 2.4.5^* 2.4.6.7^^ 2.4.6.8. jw' 

Then, by reverting this feries, we have w =2 

^+/-^-^ + -iiI^ H^,&c. And 

ov 300'y 50401;^ 56001;' 

hence, by fquaring, &c, and reftoring the ori- 
ginal letters, it is (^^ = ixw^ =) ^ = X;^ X " 

' X* 3 45;^* 3780;/* 453^00;/* 
where a few of the firft terms are fufficient to 
determine the value of c pretty nearly. 

Now, for an example in numbers, fuppofe 
the height of the arch to be 40 feet, and its 
fpaii 106, which are nearly the dimenfions of 
Jthc middle arch of Blackfriar's Bridge at Lon- 
doii. Then a? = 40, and jy = 50 ; which being 
fubftituted for them in this feries, it gives c = 
36*88 feet nearly* So that to have made that 
arch a catenarian one, with a ftreight line above, 
the top of the arch raluft have been almoft of die 
F immenfc 
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immenfe thicknefs of 37 feet, to have kept it iii 
equilibrium. 

But if the height and fpan be 40 and 100 feet> 
♦as above, and the thicknefs of the arch at top be 
aflumed equal to 6 feet, then the extrados will 
not be a right line, but as it is drawn in the 
figure to this example, which figure is accurately 
conflruded according to thefe dimenfions. 

It may be farther remarked, that the curves In 
thefe laft three examples^ viz. the parabola, hy- 
perbola, and catenary, are all very improper for 
the arches of a bridge confifUng of feveral arches ; 
becaufe it is evident from their figures, which 
are all accurately conffauaed^ that all the build- 
ing or filling up of the flanks of the arches will 
tend to defbroythe equilibrium of them. But 
in a bridge of one fingle arch whofe extrados 
rifes pretty much from the fpring to the top, 
one of thefe figures will anfwer better than any 
of thefbrmerones. 



Ex- 
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Example 6. 

To determine the extrados of a cycloidal arch 6f 
equilibration* 




Let DZQ^be the circle from which the cy- 
cloid DC A is generated, and the other lines 
as before* 



Put a = PK, :f = DP, and ;r = PC = RI ; 
alfo put d = DQ^the diameter of the circle, and 
;3r = the circular arc DZ, 

Then, by the nature of the cycloid, CZ is 
always equal to DZ=:2rj and, by the nature 
of the circle, PZ is = y/dps^ xx ; wherefore 
PCor;? = (CZ + ZP=)0 + v/^;^-^^« Hence 

\d'--x . , . ^d'x 

y ^ z + > ^!^ X ;Pi but ;^ = 



y/ dx^xx 



F2 



>^ dx -^ X X 
by 
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by the nature of the circle j therefore y :?: 

^ X .V = ^ V } and then y = 

s/dx'-xx ^ 

-^dx* 



\xs/ d^ 



XX 



making x conftant. Hence CI 



^ X Jt= ^i^- But when ;^ = e, CI is 



y' 



^.^^. _^ 

add 



= ^ =, I^ J therefore ^= ^ad^ ^ then, the 



general value of CI is 



Confequently KR = Qi -^ x -^ CI=) a Hh ^ 

'— ■ ; ■ will exprefs the nature of the curve 
d-- x} 

KI J which refembles that for the circle ^nd 

ellipfe, as evidently appears by comparing the 

figures together, each of them being acCmately 

conftrufted^ But this figiu-e feems to be rather 

better than either of them, as the extrados ap* 

proaches rather nearer to a right line, and ex-» 

tends farther out before it is bent upwards. , 

Other examples of known curves might be 
given ; but thofe that have been put down al- 
ready, feem to be the fitteft for real praftice ; 
and there is a fuificient variety among themi 
to fuit the various circumftances of copvenience, 
ftrength, and beauty. 

IlhaU 
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1 fhall now proceed to another general pro- 
blem, which is the reverfe of the laft one, and 
determines the figure of the intrados for any 
given figure of the ^xtrados, fo that the arch 
jnay be in equilibrium in all its parts- 



PR o position V. 

Having the Extrados ghen, to find the 
Intrados. That is^ having given the nature or 
form of a line bounding the top of a nvall above 
4in arch ; to find the figure of the arch^ fo that 
hy the prejfure of thefuperincumbent wall, the 
whole may remain in equilibrium^ 

Solution. 

Put a = DX the thicknefs of the arch at 
top, ;v = DP the ab- 
fciffa of the intrados 
DC, z = KR the ab- 
fciffa of the given ex- 
trados KI, and ;^ = P C 
= RI their equal ordi- 
nates. 




Then, by the laft propofition, CI is =: ^^T^^ 

K^ but CI is alfo evidently equal to ^ + a? — jsr ; 

therefore 
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• •• • •• 

therefore a-¥ x — z is = y*'~ ''y ^ ^53 ^ x 

y' y 

the fluxion of —» where J^is a conftant quan- 

tity, as tifed in the laft propofition, and always 
to be determined from the nature or conditions 
of each particular cafe. 

Hence then, by fubfUtuting in this equation 
the given value of z inftead of it, as expreffed 
in terms of y^ the refulting equaticm vn\ji thea 
involve only x and y together with their firft and 
fecond fluxions, befides conftant quantities. And 
from it the relatioijL between x arid y themfelves 
jna^y be found, by the application of fuch me- 
thods as may feem^ to be bell adapted to the parti- 
cular form of the given equation to the extrados* 
In general, a proper feries for the value of ;(^ in 
terms of y is to be afiumed with indetejpminate 
9;oefficients ; which feries being put into fluxions, 
ftriking out of every term the fluxion oi y j and 
the refult fluxed again, ftriking out from every 
t^rm of this alfo the fluxion of y ; the laft ex- 
prefi^on dr^wn iiito J^being equated to a^X'-Zy 
ther^ will be produced an equation from which 
will be found the values of the coefficients.of the 
terms in the aflumed value of ^. 

But in the particular cafe when z is always 

nothing, or the extrados a right horizontal lin^s 

^^ * ' ' adif^ 
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a diflFercnt; and eafier procefs obtains, as in this 
following example. 

Example* 

To find aft atch of equilibratidn whofe extrados 
fhall he a horizontal line. 







jp;iiirTni!irnii 




Making the notation as in the propofitlon, we' 
have 5r = o, and therefore ^ + ^ = ^ x the 



X 



fluxion of-r. 



Now affume y = - ; then -r = I), and ^ x 

flux, of T SB --^=V^ J that iSya + xsz -^=1-^ j hence 
y X X 

ax^xx'ss, S^v. Then, by taking the fluents, we 



have 2ax'¥x^ ^ J^* j hence v = v i^ 



XX 



and 
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and confequently y = (- =) ■■■ ,.; ' =bs^, Theil 

the fluent of this i$ y = ^ x hyp* log. of 
2a + 2X + 2 ^2 ax + XX i but when x = o^ 

this is ^ X hyp. log. of 2 ^ j therefore the 

correft fluent is j^ = ^ X hyp. log. of 

a -h X + x/^^^ + *^ 

Or the ^fluent might be otherwife found thus* ^ 

Thte equation a-^-x = •^^"" -^ x -^, fup-^ 

poling i cotdbnt, becomes a + x zx -—^^ or 

^y + xy^ = J^; ittultiply by Xj and then 
axy^ + xxy^ = J^;^ ; and hence^ by taking the 
fluents, 2axy* + x*y^ = ^x* ; confequently 

j^» = ■ rrr . or y = , ^ . And then 

2ax'^xx •" J2ax^xx 

the reft will be as above. 

Now the value of ^wiU be found by writing 
in this equation fome particulsir correfppndent 
known values of x and y : thus when P arrives 
at Q, then x = DQj= r, and y = C^ =5 h\ thefe 

being fubftituted for them, we have iSr = ^ x 

hyp. 
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hyp. log. of — ^ , and confe- 

quendy ^ = ■ ., 

, , r x/iar + rr 
hyp. log. of ^ + r + — 

Wherefore the general value of ^ Is thus, y =5 

hyp. log- 

A X 



, , a -h r -^ \/2ar -^ rr 
hyp. log. ^ 

Hence, when ^ is = a^ the curve D C is the 
catenary j and in general the ordinate is every- 
where to the correfponding ordinate of the cate- 
nary whofe tenfion at tha vertex is a^ as A is 

to ax hyp-log. of^ + ^ + v/^^^t::^ 

a 

If X were defired in terms of ^, it would 
be thus. Put ^ = the hyp. log. of a, and D 

= ^ >^ hyp. log. of ^ — - then 

Dy + A = hyp. log. o£ a + x + ^TaxTVx : 
Again, put N=sth.e number whofe hyp. log. is 
Dy + A; then N sz a + x + ^JalT+xx ; and 

hence Ar=-^^^,ora + ;^ = K;P = -—~. 

By takmg AC^= h = 50, and DC^= r = 
40, alfo DK S5 a = <J. Then the hyp. Jog. 

G of 
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of ^-^j IS as the hyp. log. of 

^ ^ \ ^^^ = ^^^ **yP* ^- ^ 15-26:784 i;J 

2' 725 748 7 ; by which dividing h =r 50, the quo- 
tient is 18-343584. So that the ordinate ;^ will 
be conftantly in that cafe equal to 18-343584 

xthehyp.log.of ^-^^-^-^^^^^-^^^ Alfo 

18-343584 == "^5451497 is = A and A =: hyp. 

log. of 6 = i"79i7594 ; then iV = the number 
whofc hyp. log. is i'79i7594 + '05451497;^. 
And then by affuming feveral values of one of 
the letters a*, y^ the correfponding values of the 
other will be found from one of the two equa- 
tions above. 

And in this manner were calculated the num* 
bers in the following table ; from which the 
curve being conftrufted, it will be as appears in 

the figure to the example. And thus wc have 

an arch in equilibrium in all its parts, and its 
top a ftreight line, as is generally required in 
moft bridges ; or at leaft they are fo near a ho- 
rizontal line, that their diflference from it will 
caufe no fenfible ill confequence. It is alfo both 
both of a graceful figure, and of a convenient 
form for the paflage through it. So that there 
can be no good reafon for neglecting to ufe it 
in works of any confequence. 

The 
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The Table for ConftruBing the Curve in this 
Example. 



Value of 


Vahieof 


KI 


IC 


. o 


• 6'ooo 


2 


6*035 


4 


6-144 


6 


-6'324 


8 


6*580 


lo 


6-914 


12 


7.330 


13 


7-571 


14 


7-834 


15 


8- 1 20 


16 


8-430 


17 


8-766 


18 


9-168 


19 


9-517 


20 


9-934 



Val.ol' 


Value ot 


KI 
21 


IC 


10-381 


22 


10-858 


23 


11-368 


24 


11-911 


25 


12-489 


26 


13-106 


27 


13-761 


28 


14-457 


29 


15-196 


30 


15-980 


31 


i6-8ii 


32 


17-693 


33 


18-627 


34 


19-617 


35 


20-665 



Valof 


Value ot 


KI 
36 


IC 


21-774 


37 


22-948 


38 


24-190 


39 


25-505 


40 


26-894' 


41 


28-364 


42 


29-919 


43 


31-563 


44 


33*299 


45 


35*135 


46 


37-075 


47 


39-126 


48 


41-293 


49 


43*581 


50 


46-000 



The above numbers may be feet or any other 
lengths of which DQ^is 40 and QA is 50. But 
when DQ^is to QA in any other proportion 
than that of 4 to 5, or when DK is not to 
DC^as 6 to 40 or 3 to 20; then the above 
numbers will not anfwer ; but others muft be 
found by the fame rule, to conftruft the curve 
by. 

In the beginning of the table, as far as 12, 
the value of K I is made to differ by 2, becaufe 

the 
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the value of I C in that part increafes fo very 
flowly. 

Other examples of given extrados might be 
taken ; but as there can fcarcely ever be .any 
real occafion for them, and as the trouble of 
calculation would be, in moft cafes, extremely 
great, they are omitted. 
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Proposition VI. 

To find the di/iance QM of the center of 
^avity of the given circular arc AD, from 
DQjhe verfedjtne of the f aid arCj QA being 
its right fine. 

Solution. 



Put r = the radius, z =2 
any arc D R, and x = its fine 
TR or qS. 



Then, by mechanics, the ^ ^ '^ 



force of a particle z of the curve placed at R 
is TR X i = Afz ; and the force of all the par- 
ticles will be equal to the fluent of ;^z ; which 
xnuft be equal to QM drawn into the whole 
line J that is, QM x ^r = the fluent of xz^ or 

QM = -- X fluent of xz* And this is a ge- 

neneral theorem, whether r be a line, fmface, 
or folid ; fuppoflng the two former to be affeded 
with gravity. 

Now, 
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Now, by the nature of the circle, z = 
-J and therefore xz = — ====- ; 



the corrcft fluent of which is rxr — v/rr — a';^. 

Confequently QM is =i= r x ^- ^rr ^xx ^^ 

z 

which, when x = QA, and z = the arc AD, 

becomes (^ = r x ^ "^ a R D ^ ^^ *^' 
ta^ce from D (^required. 



Or, fince r- ^r^ -- QA« is = QD, the fame 
difiance QM will be expreffed by r x apt; • 

Or, laij;ly, fince r X QD is half the fquare 
of the chord AD, the fame diftance QjVI will 
, ^ ^ AD* AQ' 4.0D* 

be equal to ^^^^ or ^^RD - 

Corollary, 

When ARD is a quadrant, then A<^=: QD 
=,r, andtheruleis <^M = (j^=:^g^ 

"^^TJ^* Or QM = fr nearly, or = /^r 
extremely near* 



[Propo- 



r 
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Proposition VIL 

The figure being the fame as in the tq/i 
^ropofttiony in is required to find the diftamc 
Qm of the center of gravity of the arc ARD 
from the fine AQ^ 

Solution. 

As in the laft propofition, QM will be = j-^ 
X the fluent of SR x AR. 

But, putting z = AR, /^ =qs = RT, r = the 
radius, A = D Q, and s = C^A, we fliall have 

z = AR = .7'''' , and SR = >& - r + 

r '^h 
^rr — 9CX ; hence SR x AR =: * . X 

>/ rr — XX 

rx'-' r'x:=^ h'-r . z — tat ; the correft fluent of 

which is h -^r.z + s -^ x .r. 

s -^ X 

Confequently Qm is = A — r + . r = 

AS 
If^r + — • . r And when R arrives at D, it 
z s 

• sr 
is Qm =: i&^r + -j-. 

Or, 
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Or, fince r is = '-^-j^, the fame diftance 

qm ^ be = -^^5— + -jj-.^-j where 
uf is the whole arc ARD; 

Corollary. 

When ARD is a quadrant, then * and / are 
each = /, and the rule is ^, thefame as in the 
coroUaiy to the laft 
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Proposition VIIL 

To fnd the diftance QM of the center of 
gravity of the fpace AlKDSAyrtwi KQj 
Juppqfitig T^A to be a circular arc nvhofe fine 
is AQj^ its verfedftne QD, and A I, IK, fa^ 
rallel toDQ^ QA reffe lively. 

Solution. 



Draw RS, ST parallel to DC^, QA. And put 
a = DK, r = VD=:VW 
the radius of the circle, I R 
^ = TS = KR, and z = i 
the area DSRK. r 



Then, as in prop. 6, 
we Ihall have QM = - 

X the fluent o( xz. 



S 



;AM 



W 



D 
T 

m 



, But z is = RS X xy and RS = KD + DT == 
a + r — ^rr — xx. Confequently *z is = RS 
X ** = a XX + rxx — xx^rr-^ xx ; the cor- 

rea fluent of which is ^±1 . ^« - r'-,r-xx\'- 

2 3 



H 



Wherefore 
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Wherefore <^M is = ^"^'' ' r^->/rr-xx 



^' 



2Z 32? 

.a + r XX rxx + r -- .^rr — XX .rr — XX 
- \ a ''7 sz 

<5 * « 3 . ■g 

frT7.TS->aTD.7ZTDl- ^^^rl:-£ ,^ 

». ^'"^1, putting m = YK znd y = VT, 
And when SR arrives at A I, then QM is 

27+7. QA*- 2 QP . r - Opl* r' -VQ; ^ir 
= ^ ^6AIKDSA ^ ="-7T^'^^ 

_ ^ ""i^ ; putting A for the whole fpac'e, 

AIKDW. 

Corollary i. 

When DA is a quadrant ; then thejjpace 
AIKDS A or AIKQj - ASDqis = « -t- r . r - 
"ji^^rr = a — '2i^6r x r, and QA = QD = r. 

Wherefore, in that cafe, QM = ■ ^I'l^^^f.r ^ ^'" 
3<?+'<5438r * 

nearly. 
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nearly. Or, rather, it is = ^^ - .T x ^r = 
42^1+ i ^r ^ extremely near. 

Corollary 2. 

When ^t is npthing, then (AD being a qua- 
drant) QM i3 = q . t Or it is |r veiy nearly. 

And when ^ is = 4r, then QM is = — 7 — ♦ 
^ ' > . 1-4657 

Or j{r very nearly. 

Laftly, when a = tt'"> which is nearly the 
proportion in pretty large arches } then (^M is 

3fc — — jT, Or {r very nearly. 

Proposition IX, 

To find the diftance of the center of gravity 
ofthefpace \i\'D?^h.from the fine QA of the 
circular arc ASD; cohere ki w perpendicular 
to QAk, and the refi (f the lines as in the 

Solution. 

Put a = kA, s = AQ^, m = k<^= ^ + #, r = 
VW = VD the radius, 2: = any variable fpaee 
krSA, and ;^ = TS the fine ojf the arc SD^ 
Alfo 4 = the fpace kiDSA. 
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Then rS = m — Xj and, by the circle, VT 
= ^rr^xxi hence z = rS x VT = ^'^^ 



s/TT^ 



X9^ 

X .— A?^ ; confequently VT x i = m--x Y.-^xx^ 
the correft fluent of which is x m 

2 - • 



Wherefore'^e diftance from V W 



J* -Ar« 



is Vm = — X ^ for the general 

ijpace krSA. 

And when S arrives at D, i^ is = o ; and thpa 

Vm IS = — 3 J = ^ . A — X j! = ^-T-A^ 

lA ^A . 6A 6A 

X j« = 3^^+J^x A<^ =r the diftance of 

the center of gravity fron^ VW. 

Corollarji 

When A coincides with iT, or the arc a qua- 
drant, then / is = r ; and the rule becomes as 
in Corollary i to the laft. Alfo the 2d Corollary 
to that may be underftood here, making the 
fame fuppofitions as in it. 

Scholium. 

The four preceding propofitions are premifed 
as neceflary to the examples to the following 
general one^ which determines the thickness of 

th? 
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the piers neceflary to refift the fpread or flioot of 
any given arch, an4 that whether the whole or 
part or none of it is immerfed in water. In- 
ftances only of circular arcs are here given j 
becaufe that in determining the drift of the 
arch, whatever its curve may be, it will make 
little or no difference by fuppofingp it to be 
circular, 

Proposition X. 

To find the thicknefs of the piers of an 
arch J pecejfary to keep the arch in equilibrium^ 
9r to rejift its JhoQt or drift ; independent of 
(my qtlper arches^ 

M r T 




Solution. 
Let IKDA be the half arch, and IHGL 
tjie.pier to fupport it, moveable about the point 
^^ and bifeded by the perpendicular EF. 

Through 
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Thrcmgh th« center of; gravity of the arch 
AIKD draw MN perpteadicular to A C^ the 
feimfpan, aild meeting DN drawn parallel to 
AO m N. And eontitiue QA to meet GH 
inB. 

Put a = DK, h = D(^= MN, c = AM, A = 
the area or fedion AIKD pf the arch, ^/= AL, 
= B G, e- FE, and;^ == A B = G L the required 
breadth of the pier, 

l^ow (by prop. iJj Emer. Mechan*) the weight"* 

of the arch is to its preiTure in the dire^oiti 

cA 
AB, as NM is to MA; hence^ : c ;: 4 * -r- 

3: the force or ihoot of the arch in the direftion 
AB J whi^h being drawn into the length of th^ 

r /i A 

lever B G = rf, we have --r— for th? effica-? 

cious force qf the arch to overfet; the pier, or 
to turn it about the point G, Again, ex is =5 
the area of the fe^on of the pier ; which being 
fuppofed to be collefted into the middle line 
EF, it may be confidered as a weight p^ppended 
to the end E of th^ lever EG j therefore 
ex >L EG =s \exx will be the efficacious force 
of the pier to prevent its being overturned. 
And that the arch and pier inay be juft kept 
in equilibrium, we muft make the force and 
refiftancc equal to each other, that is \ex9{ 



I 
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= - , — . Hence then ;i; = v — , - = 
b .- : :, eh 

w j T-ir\ — "o^ — will be the breadth or thick- 
nefs of the pier required* 

In the above inveftigation it is fuppofed that 
the whole of the pier ^was out of v^aterr But 
if any part of it OL be fuppofed to. he im- 
merfed in water^ that part: -^^ lofe ^ much of 
its weight as is equal to its bulk of water ; laiyi 
fince the fpecific gravity of water is to that of 
common ftone, as i is to 24^ or as i, to 5iJtis 
evident that OL will lofe 2 parts in 5 of its 
weight. Hence then, putting g = OXS, fince 
OGxGL=^.ris the area immerfed, there- 
fore f^^ = the. weight left- by the imificrflon^ 
which being taken from ex the whole^ we fliall 
have ex-^^gx as the weight remaining ap- 
pended to E ; then this being drawn into G.E 
= |;v, and the produft equated to the efficacious 
force of the arch as before^ w;^ \i%ye^^exx -^ 

cdA J • / 10 cd A 

^^ffxx = — p- : and hence x = V^ , 

-^ h^Se- 2g 

for the thicknefs of the pier when it is im- 
merfed in water to the height expreffed by g. 
— ~Or, becauie g will be nearly equal to dy 
the theorem for the thicknefs may be ;^ =: 
/ locdA _ / loAMxALx-.^ 
h.se^id ^ Dq^x 5EF - 2AL* 

Cord^ 
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Corollary i. 

When DA is a quadrant, the arch is a com- 
plete femicircle ; and then A is = r, J =: alT^ 
?< r as in Cor. i to prop. 8, and by the fame 

Corollary <: or r - QM is = r - J^-±iL v • .. 

~ a + Jr ^ ^''' Cooiequently <rj is =s 3a + i/- 
X irr. 

This value being fubftituted in the two pre- 

ceding theorems, we have x = v^?r^7^il±^ 

.. * 21 

a + r + </ 21 "" 

^ /ALxAQ. .21DK + 2AQ 

^- IL ^ ^ ^1 ^ =thickneis of 

the pier when it it is dry Or, if « exprefe 

what part a is of r, or DK = ^th of DC^or QA, 

the fame thicknefs will be r -v^^ 



= Aq^x y^vAL X ILX^ 



X 

21 r-k-r + d.u 



ACt+A(^+AL.»* 
And the thicknefe when AL is under water 

Se-2d 21 



will be Af = ^— i^IL. ^ 21^+27 
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i\a •¥ ir _^ 
21 " 



5T 



*^ a + r + W 

/ALxA(^ 2iDK + 2ACj^. Or, if a 

^IL-fAL'^ 21 

sr - as before, the fame thickncls 'wfll be 
n 



r^± 



21 + in _ 



21 fJ^r-^jd.n 



= AC^x 



V VtAL X 



21 



2n 



A(^+AQjf}AL.» 
Corollary 2. 



When HG is = BG in the laft figure; then 
the arch and piej 
will be as in this an^ 
nexed figure. And, 
e being then = d^ the 
two general theo- 
\rems will become 




y. 



z A X AM 



dry, and x 



for the thicknefs of the pier when 



3^ 



thicknefs when under water. 



ib^x AM 



= the 



So that, in this cafe,, it makes no difference of 
whatever height LA the pier is to the fpringing 

I of 
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of tlie arch. For though the drift of the arch 
be increafed with the length of the lever or 
height of the pier, the weight of the pier itfelf, 
which afts againft it,- is alfo increafed in the 
fame . proportion. 

Scholitim. 

In the inveftigation of this propolition, the 
feftions of the arch and pier are ufed for their 
folidities, as being evidently in the fame pro- 
portion, or in that of their weights, fince they 
are qf the fame length, viz. the breadth of the 
bridge. 

By the above rules, together with thofe in the 
four preceding propofitions, the neceflary thick- 
nefs of a pier may be found, fo that it fhall 
jujl balance the fpread or flioot of the arch, 
independent of any other arch on the other fide 
of the pier. But the weight of the pier ought 
a little to preponderate againft or exceed in ef- 
feft the flioot of the arch ; and therefore the 
thicknefs ought to be taken a little more than 
what will be found by thefe rules ; unlefs it 
be fuppofed that the pointed projeftions of the 
piers againft the ftream^ beyond the common 
breadth of the bridge, will be a fufficient addi- 
tion to the pier, to give it the neceflary pre- 
ponderancy. — —But there is one very material 
thing, on account of which the thicknefs of the 
piers may be much diminiflied j viz. by the 

ftones 
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ftones of the wall above ,the vouffoirs being 
bonded in with thofe of the pier and with 
one another, the pier will cany part of their 
weight ; which will not only diminifli the weight 
of the whole arch and wall, but will alfo both 
add the fame to the weight of the pier, and 
lengthen the lever EG, by moving the center 
of gravity a little ne.ai^er to L ^ but then alfo 
M will be a little nearer to Q, fo that AM will 
be longer, and the effeds of the change of the 
^enters of gravity may be fuppofed nearly to 

balance each other. ^In the foregoing propo- 

fitions I have confidered circular arches only, as 
it will make no difference of any cpnfequence, 
to fuppofe th? arches of any other cui^e of the ' 
feme fpan and pitch. ?*it this jrotK prop, i^ 
general. for all curves, 

I fhall now add a few c::^.amples of" the cal- 
culation in nunxbers, to fhew- t^ manner, and 
in them alfo to jpoint out Ihe eaji^ft^ methods of 
C^V^tjOQ, : r ; . \^ . ' . 

f ci 'i^i :,: E.X AM f. J:, it 3t,.i: 

Supposing the arch in the figJLtre to the pro-^ 
pofition to be ^femidarde wkofe height or pitch 
is 45 feet, anA^dbrtfeqw^nttyajts. fpkn 90 feet; 
alfo fuppofe the-^ftiickncfe 'D:K:'a;t top to be 
6feet^ 5iHAthe4eig^tJi3«LAo,th€ flinging 18; 
ilftd let it be requirM to find the^.tliickiiels ^GL 

U of 
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of the pier neceffaiy to reJGft the drift of the 
arch. 

This will be immediately found by Cor. i, in 

which AO is = 45, Al, = 18, and » = - = ^ 

u o 

Then the firft expreffion AQ^x 

/AL 21 •+• 2« •„ • 540 

V — X -TTT — ^^ ^^ — will become p . % 
21 AQ+AQ+AL.w \/24iJ 

i= 10*988, or 1 1 feet nf arly for tlj^e thicknefs of 

the pier when dry. 

And the latter expreffion A(^>c ^. 

/AL 2T -f 2n .„ . 540 

V X ■ .^. — will give- V - t^ 

21 Aq^+AgH-^Ax..;^ ^ \/2i63 

s= 1 1' 6 1 feet for the thicknefs when 18 feet arq 
under water, 

E X A M p t i; 2. 

In the fame figure, fuppofe tlie fpan to fee 
100 feet, the height 40 feet; alfo the thicknefsi 
at ,top 6 feet, and the height of the pier to the 
springer 18 feet as before. 

Here the figure either is pr may fee confir 
dered as a fcheme arch, or the fegment of a 
circle, in which the verfed fine QD is = 40, 
and the right fine QA = 50 j al£p DK :;= <S, AL, 
= j8, JEF = 64, 

JJpw 
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« 

Now, by the nature of the circle, the radliw 

,7r» • ^ QA' + qp* _ 50' + 40* , ... ♦ 
VD = ris = ^^^j^ = 8^ -5'"' 

hence VQj= 51^ — 40 = 1 1^ ; and the area oi 
the femi-fegment ADQ^will be found to be 
I490'999!B, pr 1491 nearly; which being tilke^ 
from the rgftangle AIK(^= AQ^x qK ;= 
50 X 46 5= ?30o, there remains 809 = A the 
area AIKD, Then, by prop. 8, Q^ will be 

'^ vD»-vq* y^ _ VP^-VQ^ ^ 

5r25» - m25* 5ir25» -^ ir25> _ 

' 2 X 809 -^ 577 -^ J X 809 

33-58 ; and confequently >f A =? AQ^— QM =» 
50- 33:58 = 16-42, 

Then, the firft expreffion V — 3;)Qx£F 

.« 1 /3<5 X 16-42 X 809 . ^ 
wjll become V ^ z~r. ^ = ?3'^7» or 

134 feet nearly =: the thickntfs of the juer when 

dry- 

And the latter expreffion v t 

.„ . /1 80 X 16-42 X 809 o . • 

Voll givp ^- i ^"^ = 14*508, or 14$ 

40 X 320— 36 

feet nearly :?: the thicknefs when i8 feet arc 

^nder water* 

Ex- 
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Let the arch be of the gothic kind^ as in 
the annexed figure j in which D A is a circular 
arc whofe center is V, its fine D C^= 50 = the 
height of th^ arch, its verfed fine A(^=4o =: 
the femi-fpan, the thicknefs at top DK = d, s|,nd 
the height AL of the pier to the fpring = ^8 
as before. 

Here the radius VA= 51^ as in the laft ^x-» 
ample, and the femi-fegment AD(^= 149. I5 
alfo the fame as in the laft example; then th^ 
reftangle I(^is = AQ^x QK = 40 x 56 = 12240} 
from which taking the femi-fegment, there re- 
•maini^ 749 = ^ for the area AIKD. Then, by 

prop. 9^ VM will be equal to ^ - .. -^x 

DQ* = ^ -^ 5<^ ^ -qI _ 2 -.82 . j^j^j hence MA 
^^ 6 X 749 ^ o' DJ 

Then 
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Then tfiC firft cxpreffion v — pQ ^^^ — 

y.ai become yiiiLl£4£JlW = 9-889, or 

50 X 74 
nearly lo feet for the thickneis of the pier when 
when it is all out of water. 

And the latter one v ■ ■ • ■■ ' - — will 

DQX5IL-2AL 

/180 X 13*42 X 800 . 

give V - == 10*409, or io| 

50x370-36 

nearly = the thicknefs when i8 feet are under 
water. 

Example 4. 

When the arch ftones only are laid, and the 
pier built no higher than the fpring, it will ap- 
pear as in the figure to corollary 2. And then 
if, in the firft cafe, the arch be a complete 
fcmicircle whofe diameter is 90 feet, and the 
thicknefs everywhere DK = AS = 6 feet: It 
is required to find the breadth of the pier6« 

The bounding arcs being, quadrants, the area 

ADKS wiU be ^"^^^ x DK = 2£Jli^ 
2 2 

X \^ X 6 = 144 X V = 452-4 = A. Now if 

TW be another concentric quadrant bifeAing* 

the area ADKS, the cefiter.of gravity of TW;' 

may 
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may be taken for that of the faid area. And 
then, by the corollary to prop. 6^ QM will be 
= WQJi but fince the quadrants C^DA^ QJW^ 
<^KS are in arithmetic progreiEon, the fquares 
of their femidiameters CJjt), C^, QK will be in 
the fame progreffion, that is 2QT* = Qp* + 

az; or QT = ySSl^SEL = yi5l±ii! 

ss 48*094 J hence then QM = ttQT is = tt 
•X 48'094 = 30*605, and confequently MA =3 
45-30-6 = I4-4* 

Then the former of the two expreflions in 
corolUuy 2 to this propofition, will give GL or 
^2AxAU^ V^92£8jLiO= ,7.0x6, or 

17 feet for the thicknefe of the pier when out 
of water. 

And the latter one v ^q — will be- 
come v^lii4iLL£4 -s 2r97, or nearly 22 feet 

for the thicknefs when the pier is immerfed in 
water. 

Scholium^ 

Or, becaufe QT is nearly an arithmetic mean 
between QD and QK, half the fum of QD 
and QK^ wight have been ufed inflead of it, 

without 



§ei^. lit. i)/ tbt Pimi 4$ 

■Vithout caufing any fenfiUe difference in the 
tonclnliofl. 

We might aUb eldHibit gefietal thedrems f«5r 
the thickn^, in terms- of the iadius Dilly. 

For, taking QJ or qW = ^ ^ ^\ by the 
cbrolJary to prtJp. 6 "vft have QM = Vr^^ 
as 9P + 9 . K ^ ^, j^j ^^j^^g AM = <r It A<^ 

-^^^^ -Ha 1<ID + T^K ^ <QD-- yPK 

^ ^qp + DK ^ ^. jjj^^ ^j^^^ ^j^^^^ ^^^^^ 

being fubftituted in the cxpreffion v ^— — — — 
We iiuli kav^ V^ilib:ri9.D KDK^-^DKl 

X DK for th^ thicktiefe of the pier -^vhen dryj 
arid the fame expreffion itiultif^ed by ^^ \dll 
give the thicknefs when the pier is immerfed in 
waten And, farther^ if DK be aiTumed equal 
to any part of D(^ 4s DK = « X DC^ then 
the thicknels in the fbnner cafe will be (^ x 

v/ -^-^;->^- x.,andintheUtt^qpx 
t Then 
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Then, by affuming feveral Values of n from 
ttV to jr, which are beyond the limits of it, the 
i^veral brea4ths oi the piers corrcfpoiuliug to 
the feveral valuer of the tfeickpefs of the arch, 
rboth when the pier is fuppofed to be out oi 
water, aiid immerfed in it, will be found from 
thefe expreffions as in tibe following table j 

where the fraftional part ~ or — is alfo given, 

becaufe it is the moft common proportion. 



A Tcfble of the Breadth or Thicknefs of a Pier 
anfwertng to the federal thicknejffis of a 
femicircular arch, as hi the foregoing ex-- 
ample y QD being the radius orfemi-fpan. 



For die pier dry 




For the pier in water 


Thicknefs 
of the arch 


Thicknefs 
of the pier 


Thicknefs 
of the arch 


Thicknefs 
of the pier 


Tvqp 

iqo . 
rqp 


.33iqp 
.348 qp 
•3^8 qp 

•379QP 
.39iqp 
•42oqp 

•455 qp 


Tvqp 
f^p 

iOP 


•42 7qp 

•449 qp 

•475 qp 

•488 qp 
.505 qp 
•542 qD 
•588 qp 



Ex- 



Sea in. Ofiht Pi^s. - '- §f 

E X A M P I- E ' 5* 

Bt/T fuppofing the fame figure m C6n 2 to 
be a circular fegment, whofe chord or fpan is 
I'oo feet, and height 40 feet, alfo the thicknefs 
of the arch 6 feet: To fiiid the thicknefs of the^ 
pierSt 

Here the radius of the niiddle arc TW is, 

is an arc of 78* 6^ jihd its length will be.^ 
73*829 3 } which being raultipjied by DK = AS. 
= 6y we have 4 = 44a'9758. Then, by prop. 6^ 

cm wiU be found^ =s Jil±Jil.=: ^vsas^' 
^- 2 X 73*8293, f ^^^ 

And confequently AW(== 50 - 3r545 == .J[8'455f ' 
Hence, by Cor. 2, ^t \vSl h^ '^^TTo~^ ^' 

of the pier when drv^ . 

And yisA^^^ ^i^msULiS:^ 

- jDC^ X20 

^ 26- IP I = the thickAei^ in wat^^ 
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Ofhfrivi/f. 

But if the ?rch be foppofed to incre^ie in 
^icknefs from the top ^t D, where it is 6 f^etj^ 
all the way to the fpring, where it is AS = 12 
fpet fuppofe ; the height and fpan being 40 and| 
too as before. 

Thpn QS = <Ja^ qw=j s6f and,qT,= 43. 
Hence the radius of the *arc T^wiU be 

^ .qV^ = ,^^ = 59-3452 ; and 

therefore TW is an ?trc of 70^ 49^ and its. 
length = 7r 1945* Confcquently the area ADKS 

or TW X — ^^ — — ^ will be 73-I94S X 9 =3f 

^58*75 = 4* -And, by prop. (5, QM will-bp 

'J' i^ — = 34*05 3 } and therefore AM =; 

2X 73' 1945. ^^ ^^' 

50-34-053 = 15-947. 
Hence, as above, ^1112:52115:212= 22-918 

40 T ' 

wUl be the thicknefs of the pier when dry. 
And V'^58r5Xii:247=2y588 = thethick. 

120 f "^ 

fiefs in water. 



i»^ 



Seam. / Of the Pirn. . ■ : ^ 

:EXAMPI-E\tf. 

In a gothic arclj whofe thickAefs at tQp.is,6, 
die fpaii 80, and height 5q feet ^ .to find thg^ 
l^cknels of the piers. 




By the laft example, TW is =j 73*8293, its 
|:^ius = 54tt» ^^^ ^^ ^^^^ ADKS = 442-9758. 
Then, by prop. 7, we have QM = 43 — 54^'^^ 

+ ^ Q ^^^ = 27'7i8 : and hence AM = 40 
73*8293 / / 7 -t 

— 27*718 = 12:282. 

Then, by Cor. 2, we fliall have / 

/2 X 442-9758 X 12'282 ^. , . , , 

V ^ - ^ ^^: — = 14-752 for the thick- 

50 ^ -^ 

nefs of the pier when dry. 



A J /4429'758 X 12*282 ' 

And V!CL-2Li2_ ^ = 19-045 = the 

Alfo 



150 
thic^^& when in water. 
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Alfo if the arch ftones were fuppofed to 
lengthen all the way from the top towards the 
lower end, the calculation inight be made as 
in the laft exampl^^. 

Having, in thefe 2d and gd fedions, gone 
through the calculations for the form of arches, 
and the thicknefi of pi^ ; I fhall now in the 
next fedion . add fome invefiigations of rules 
for determining the beii form of the ends of 
the piers, with th$ fpx^ci of the water upoa 
them, &c« 
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SECTION IV. 

The Force of the Water^ ^c. 

P R o p o 8 I T I o N XL 

To determine the form of the endt of a pier^ 
fo as to mah the leqft rejlftance to, or be the 
kqft fuhjeB to the force of the fiream of 
'Water. 

Solution. 

Let the following figure reprefent a hori- 
zontal feftion of the pier, AB its breadth, CD 
the given length or projedion of the end, and 
A13B the line reqxiired, whether right or cur- 
ved; alfo let EF reprefent the force of a par-' 
tide of water adting on AD at F in the di-% 
redlion parallel to the axe CD ; produce EF to 
meet AB in G, and draw the tangent FH, 
alfo draw EH perpendicular to FH, HI per- 
pendicular to EF, and FK perpendicular to DC. 




m^ 



B 



Now 



yj TBis iVKtifctttzi of BuiiyffEs. , 

Now the abfblute force EF of the particle 6f 
water may be refolved into the two forces EH^ 
HF, and in thofe directions ; of thefe the latter 
one, adlng parallel t6 Ac curve, is oi?n6 eflfed j 
and the former EH is refolved into the two 
EI, IH; & tliat EI is thd effleacicAis force of 
the particle to move the pier in the direction 
ipif its aic or length : That is, the abfohjte force 

is (o the efficacious foiTce, as EF is to EL i. 

Then, fince EF is ^c diameter of a iemicircle 
paffing through H, by the nature of the circle 
we fhaU have EF : EI : : EF* : EH* : : (by 
fimilar triangles) HF* : HI* and : : the fquare 
of the fluxion of the curve or line : the fquare 
of the fluxion of the ordinate FK, becaufe HF, 
HI are paiuQel tof the line and ordinate. 

Wherefore, putting the abfcifla DK =t st^ th6 
ordinate KF = ;fy and the line D F = 2:, we fliaJl 

y * 
tave as z* : y* : : i (the force EP^ : v^ ) = thc 

ts 

force of the particle at F to movd the pier in 
tiie dircftion EF6. But the number of piaLrticIe^ 
ilriking againft the indefinitely fmall part of th6 

line, is as j^ ; this drawn into the above found 

• * * 

force of each, we have ^ = . -^ . for the 

z* :)t*'^y* 

fluxion of the force, or the force afling againft 
the part z' of the line. 

But, 
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But, t>7 the proportion, the whp^ force on 
DFA muft be a minimum, or the fluent of 



\ 



muft be a minimHm when that of m 
becomes equal to tlie conftant quantity DC} 
In which cafe it will be found ^that ■ ^ ^ 

inuft be al^^ays eqttal to a confiant quantity a i 

. • • "^"^ ^« 

and hence xy* = g x ;v* + jf** , 

l^dw ih this eqiiatioh it is evident that x is 

to ^ in a conftant rado ; but if two fluxions be 
always in a conilant ratio, their fluents x^ y^ 
are known to be alfo in a conftant ratio, which 
Is the property of a right line. 

"Wkeifefore iDtA is a right line, and the end 
ADB of tHe pier muft be a right-lined triangle, 
that the force of the water upon it may be the 
leaft pofliUb 
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c Pro p o s I T I o n XII. 

To detefifiiite the rejiftance of the end^ of^ 
per againjl the Jiream of waters 

j . Sohtiotu 

Using hefc the figure and notation of the laft 
propofiti9n, by the fame it is found that the 
fluxion of the forte crif the ftream agamil the face 

pF is ■■■ •? ,„• J and finoe the fluxion of the 

•^ ■ • • . . ■* ^' .. 

force againfi the bafe is j/, it follows that the 

force of the ftream againft the bafe AB is to 

the force againft the face ADB, as y) the fluent 

of y is to the fluent pf ^ — r« . That is, the 

Jhe abfolute force oi tlie ftream is to the effic;i- 
cious fprce ag*inft. the fjice of the jner, as ka 

breadth is to double the fluent of .'^ . 'wheA 

y is equal to half the breadth. 

Corollary i. 
If the face ADB be re£Ulineal. 

Putting DC ss «, CA = h, and AD a 
(^aa + bb =) f j as a,: 6 : : * : > by fimilar 

^ ' ' triangles^ 
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triangles ; hence x = -^, and iV = -^ ; this be- 
ing written for it in the general expref^on above, 

we have ^ — j^ = ^-tt = — ^ for the 

\ /^* ^y 

^uxii»'t)f the force on AI> f die fliiSnt of 

which, PI? — ^j is the force itfelf, Jtnd confc^- 

queiitly th^fprot pn the fl^t balb^ A B' is to 

that on tjif triangular end, as j' to — ^, or s^s 

^^ to^Jj^ that isj f^s AD* tp AC% ' 

,^d if AC be c;qugl to CD, or AD^ ^J^^ 
^gle, whidi is generally the cafe, then AD* 
s= 2AC*^, and the force pn- the bafc tp*l3iat 911 
the face, as ;? to j. 

Moreover, as the force 6n ADB, when ADS'" 
Js a right angle, is only Jhalf pf the abfolute 
force, fo it is evident that the force will be 
more than pn^-half wh^n AD B is greater than ' 
a right angle, and lefs when it is lelsj and alfo 
that the longey AD is, the lefe the force is, it 
teing always inverfely ?|S'the j^ua^e 4p|Jf AP^ 



h 4 CorqlLr^ 
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, Corollary 2, 
If ABB be a fenjicircle. 
Tfcc racKns AC=:CD = tf J then aax^xsf 



^yy> pr y = ^^^^^-yy, and i = ->j^r?,, . ,s 
hence r-^—r- becomes r^2i: = t^^y^ 

i< j>V tt^ fluent of which is — .""^^^ x.^ ; an4 
therefore the force on the bafe is to the force 
on the circular end, as v is to ^"^ '^^^ x y, or 
af /ra to ^« — iyy^ or as 3^^? to S^a^yy. 

And when ^ = a = AC^ the proportion be? 

cmnes that ,of 2 to a, 

* '»■»'■''■•■'*'. . 

So that only one-third of the abfolutc force 
|s taken off by making the end a iemicircle. 

Corollary 3. 

" When the fsfie AD B is a i»raboIa. 

Then, the notation being as befofp, viz. DQ 
cs a^ and AC = *, we have a : bb :: x : yyi 

hence x = ^^, and x =5 -t^ f which bein^ 
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.SE of WATEHuentof 

iOn it meets wittsis** 



;ioNs, or Resistances. 



hs 



i-half 



5-8ths 



3-4* 



2tf 

-re ib to 
the vc 

at is, as 

the ra- 



;of Water in Feet, Inches, and^^ ^^"^^ 



*ts* 
*49 



V96 



HI 



•89 



•25 



•64 



60 
1 160 



F. I. Pts. 

o o '87 



o 3 -48 



o 7 -835 



I I -928 



I 9 '763 



F. I. Pts. 

o I ^6^ 



o 6 '77 



I 3 '234 



F. I. P ^^ *^* 



^ 4 *^ c force. 
3 o -^ ^o *^ 



radius; 
2 3 -08 ]5 ^'6 ^^^ ^^, 



3 6 -316 



2 7 -339.5 o -932] 



Piers «8o 
Ardics 160 



Piers 100 
Arches 100 



8 5 -o is a left 
^ on the 



12 I -4 



Piers I 

Arches ih it Will 



ly, Ihew how high the water is con(lra **gw 
y it off, in a free and uninterrupted ^^^ it ^ 
3f water, below the foil, to give the One-half 
ce oi* imperfeftion of bridges, of cvetTlnrfed. 
rs ; and by which appears the great i 
of all fuch as are not fo. — —London K . 
nearly in the 2nd. At the ift of the - . 
ff. 7 in. and at the latter, with a vel? 2xcne§ 

accord^ 
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I, in Proportion to the 
1, in its Paffagc. 



Tfe 



^yyf 



iS 



7-8ths 



benci Parts. 



■'t8. 

* . Ml 



F. I. Pts 

I 4 -728 



there 



64. 5 6 -9 



68 



«n 



{'56 22 3 '6 



coin* 



12 



6 -53 



34 10 -31 



50 



•112 



Stages 
of 

Accumulation 

in 

Floods 



/Uniform 
C Tenors. 

7 Ordinary 
C Floods. 



r Extraordinary 
f Floods. 



Conftru^ion 
of an ancient 
bridge of 3 or 
more arches. 



Reiiflance 
5-l8ths 



Rife of Water 



F. I. Pts 

o o '320 



Torrents above 
g^enerally Inunda- 
tions. 



20 Piers 140 
g^o Arches 160 

|S tanned to rife above its natural level, 
paffage^ therefore thefe numbers 
' true height of the flood.— —The 
: conftru6tion» and in all ftates of a 
jidvantage of bridges of a fufficient 
>ridg« is nearly in the 6th predica- 
»fe the Thames, with a velocity of 
L^ocity of 2'-5 f, per fecond, to only 



I '28 



o 2 -SSi 



o 5-119 



8 *oo3 



on -525 



Piers 50 
River FSo 



cs a, 



In this moft 
common mode' 
feldom fuffici- 
ent in a flood, 
the water foon 
encroaches on 
thearchesyand 
changes the 
predicament. 



hem 
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written in the general expreffion, the fluent of 

it becomes the circular arc whofe radius is — 

and tangent y j- and fo the abfolute force is to 
the force qh the parabolic endi ^^ y to the vc 

bb * 

vAioixi tangent is ji and radiuS — ^^ that is, as 
the tangent of an arc is to the arc itfelf, the ra- 

bh 

dins being to the tangent as 2 to — . And when . 

y-s^bj the ratio of the tangent to x:adius, is that 

of 2 to — ; orlhat of 2 to i ^en DC = CA. 

In which jcafc the whole force is to the force 
on the parabolic end, as the tangent is to the 
^rc of which the tang^it is double the radius ; 
that is,^ as thp tangent of 63* 26^ 4^ to the arc 
of the fame, or ^s 2 to i* 107 14 ; which is a left 
force than an the cirjcle^ but greater than on the 
friangk. 

And fo on for other curves ; in which it will 
be found that the nearer they approach to right 
Unes, the lefs the force will be, and that it i$ 
leaft of all in the triangle, in which it is one-half 
of the whole abfolute force when right-angled. 

The annexed folding-out fheet fliews at one 
view the rife of the water under the arche§ 
arifing from its obftruftion by the piers, accorji?. 
ing to fcveral rates of velocity, ,&c. , 

'^ - ' " ' '[ SEC- 
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SECTION y, 

0/ the Terms or N^mt cf the. ^ariim pdrtz 
peculiar to a Bridgey and the Machines j 
:^c. tffed apouf it} dij^ojed jf^ qiphahtipal 
qrder^ 

ABUTMEKTt p? ^VTM^NTt wHcb. fpe ia 
its place below, 

Arch, an opening of a bridge, through of 
under which the water, &c. paffes, and which- 
is fupported bjr pijars pr by butnaentSf 

Arches arc denominated cifcvdar, elliptical^ 
cycloidal, catenarian, &c. according, to the figure 
pf the curve pf them. There are alfo other 
denominations of circular arches accprding to 
the different parts of a circle : So, a femidrcular 
arch is half th? circle j a fchemp or Ikieen arci|. 
is a fegment Ief§ than the femicjrcle; and archer 
of the tlxird and fourth ppint, or gpthic arches,' 
confift of two circular Jircs, excentric and meet- 
ing in an angle at top, eacl^ being i-3d or ?-4(:h| 
&c* of the whole circle? 

' The chief properties of the moft confiderable 
arches, with regard to the extrados they re-» 
quire, &c. may be learned from the fecond fec» 
tion. It there appears that none, but the arch 

pf" 
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of equilibration in the example to prop. ^, can 
aidmit of a hbrizontal line at top ; that this arch 
h not only of a graiJeful bnt of a convenient • 
form, as it may be made higher or lower at 
pleafure with the fame opening ; that it, but 
no othef y with a horizontal top, can be equally 
tbrong in all its parts, and therefore ought to 
be^ ufed in all works of much confequence. Alt 
the other arches require tops that are curved 
either upward or downward, fome more and fome 
kfs : Of thefe the elliptical arch feems to be the 
fitteft to be fubftituted iiiftead of the equilibrial 
one with any tolerable degree of propriety ; it 
is in general alfo the beft form for moft bridges^ 
as it can be mkde of any height to the fame 
:l^n, or of any fpan to the fame hei^t, while 
at the fani^ lirte its hanches are fiifficiently ele* 
vated aboye the water, even when it is pretty 
flat at top ; which is a property of which the 
other curves are not poffefTed in the fame de* 
gree ; and this property is the more valuable^, 
becaufe it is' remarked that after an arch is 
built and the centering ftruck, it fettles more 
about the hanches than the other parts, by 
which other curves are reduced near to a ftreight 
Ene at the hanches. Elliptical arches alfo fook 
bolder, are really ftroiiger, and require le& ma- 
terials and labour than the others. Of the other 
curves, the cycloidal arch is next in quality to 
the elliptical dne, for all the above properties* 
And^ lafi^r^ the circle^ As' to the others^ the 

para* 



t|a fhe PRiNciPtE^ of Bridges. 

parabola, hyperbola, and catenary, they may 
not at all be admitted in bridges of feveral 
arches } but may in fome cafes be mfed for a 
bridge of one iingle arch which is to rife very 
iiighy becaufe then not much loaded at the 
hanches* W« may hence alfo perceive the fal- 
fity of thofe arguments which aflert, that be* 
caufe the catenarian curve fupports itfelf equally 
in aU its parts^ it will therefore beft fupport 
any additional weight laid upoil it s for the 
additional building made to raife the bridge to 
a horizontal Une, or nearly fuch, by preffing 
more in one part than another, muft force thofc 
parts down, and the whole muft felL Whereasi 
other curves wiU not fupport themfdves at all 
without fome additional parts built above them^ 
to balance them/* or to reduce their parts to an 
equilibrium. 

V ARcttivoLt, the curve or line formed by 
the upper fides of the vouffoirs or arch fiones* 
it is parallel to the intrados or underfide of the 
arch when the vouflbirs are all of the fame 
length J otherwife not.. 

By the archivolt is alfo fometimes un^erftood 
the whole fet of vouffoirs. 

Banquet, the raifed foot path at the fides 
of the bridge next the parapet. This ought to 
be allowed in aU bridges of anyx (Qufiderabk 
-.. ... fize* 
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iizc : it fhould be raifcd about a foot above the 
middle or horfe paffage, made 3, 4, 5, 6, 7, &c. 
feet broad according to the fize of Jhe bridge, 
and paved with large ftones whofe length is 
equal to the breadth of the walk. 

Battardeau, or Coffer-dam^ a cafe of pi- 
ling, &c. without a bottom, fixed in the bed of 
the river, water-tight or nearly fo, by which to 
lay the bottom dry for a fpace large enough to 
build the pier on. When it is fixed, its lides 
reaching above tlie level of the water, the water 
is pumped out of it, or drawn off by engines, 
&c. till the fpace be dry j and it is kept 
fo by the fame means, if there are leaks which 
cannot be flopped, till the pier is built up in 
it; and then the materials of it are drawn up 
again* 

Battardeaux are made in various manners, 
either by a fingle iriclofiu'e, or by a double one, 
with clay or chalk rammed in between the two, 
to prevent the water from coming through the 
fides. And thefe inclofures are alfo made either 
with piles only, driven clofe by one another, 
and fometimes notched or dove-tailed into each 
other ; or with piles grooved in the fides, driven 
in at a difiiance from one another, and boards 
let down between them in the grooves. 

M The 
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The method of building in battardeaux can- 
mot well bf ufed where the river is either deep 
or rapid. It alfo requires a very good natural 
bottom of folid earth or day j for, although the 
fides be made water-tight, if the bottom or bed 
of the river be of a loofe eonfiftence, the water 
will ooze up through it in too great, abundance 
to be evacuated by the engines. 

It is almoft needlej6 to remarik that the fides 
muft be made very ftrong, and well propt or 
braced in the infide, to prevent the ambient 
water from jM-efling the fides in, and forcing 
its way into the battardeau* 

Bridge, a work of carpentry or mafonry, 
built over a river, canal, &c. for the conve-* 
niency of crofling the fame*. 

A fipne bridge is an edifice forming a way 
over a river, &c. fupported by one arch or by 
feveral arches, and thefe again fupported by 
proper piers or butments, 

A ftately bridge over a large river is one of 
the moft noble and ftriking pieces of art. To 
behold huge and bold ^^arches, compofed of an 
immenfe quantity of fmall materials, as ilones, 
briqks, &c. fo difpofed and united together that 

they 
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they feem to form but one folid compafl body, 
affording a iafe paffage for men and carriages 
over large waters, which with their navigation 
pafi free and eafy under them at the fame time, 
i3 a fight truly furprizing and affecting indeed. 

To the abfolutely neceffary parts of a bridge 
already mentioned, viz. the arches, piers, and 
abutments, may be added the paving at top, 
the parapet wall, either with or without a ba- 
lufirade, &c. alfb the banquet or raifed foot way 
on each fide, leaving a fufficient breadth in the 
is^ddle for horfes and carriage^. The breadth 
of a bridge for a great city ihould be fuch as 
to allow an eafy paffage for three carriages and 
two borfemen a-breail in the nwddle way, and 
for three foot paffengers in the fame manner on 
each banquet. And fpr other lefe bridges a le6 
l»-eadtlu 

As a bridge is made for a way or pafiage 
over a river, &c, fo it ought to be made of 
fuch a height as will be quite convenient for 
that paflage ; but yet fo as to be confiftent with 
the intereft and concerns of the river itfelf, eafily 
admitting through its arches the craft that navi- 
gate upon it, and all the water even at high 
tides and floods. The negled of this precept 
has been the ruin of many bridges, and parti- 
cularly that at Newcaftle, over the river Tyne^ 
on the 1 7th of november 1 771. So that in de* 

M 2 termining 
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termining its height, th^ convtniencies both of 
the paffage over it and undey it fliould be con* 
fidered, and the height made to anfwer the beft 
for them both, obfcrving to make the convenient 
give place to the necejfary when their intereils 
are oppofitc. 

Bridges are generally placed in a dlredion 
perpendicular to the ftream in a direft line, to 
give free paflage to the water, Sec. But fome 
think they Ihould be made not in a ftreight line, 
but convex towards the ftream* the better ta 
jefift floods, &c. And fome fucn bridges have 
been made. 

Again, a bridge ihould not be made in too 
narrow a part of a navigable river, or one ftib- 
jeft to tides or floods : becaufe the breadth be- 
ing ftill more contrafted by the piers, will in- 
creafe the depth, vel6city, and fall of th^e water 
under the arches, and endanger the whole bridge 
and navigation. 

The number of arches of a bridge are gene* 
rally made odd; either that the middle of the 
ftream or chief current may flow freely without 
the interruption of a pier ; or that the two halves 
of the bridge, by gradually rifing from the ends 
to the middle, may there meet in' the higheft 
and largeft arch ; or^ elfe, for the fake of grace, 
that by being open in the middle, the eye in 

viewing 
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viewing it may look direftly through there, as 
one always expefts to cjo in looking at it, and 
without which opening one generally feels a 
diikppointment' in viewing it. 

If the bridge be equally high throughout, the 
arches, being all of a height, are made all of 
a fize } which caufes a great faving of centering. 
If the bridge be higher in the middle than at the 
tods, -let the arches decreafe from the middle to- 
wards each end, but fo as that each half have 
the arches exaftly alike, and that they decreafe 
in fpan, proportionsdly to their height, fo as to 
be always the fame kind of figure, and fimilar 
parts of that figure : thus, if one be a femicircle, 
let the reft be femicircles alfo, but proportionally 
lefs ; if one be a fegment of a circle, let the 
reft be fimilar fegments of other circles ; and fo 
for other figures. The arches being equal at 
equal diftances on both fides of the middle, is 
not . only for the ftrength and beauty of the 
bridge, but that the centering of the one half 
may ferve for the other alfo. But if the bridge 
be higher at the ends than in the middle, the 
arches ought to increafe in fpan and pitch from 
the middle towards the ends. 

When the middle and ends are of different 
heights, their difference however ought not to 
be great in proportion to the length, that the 
afcent may be eafy ; and. then alfo it is more 

beautiful 
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beautiful to make the top one continued curve 
than two inclined fireight lines from the end$ 
towards the naiddle. 

Bridges fhould rather be of few and large 
arches than of many 'and fmall ones, if the 
height and iituatlon will poffibly allow of itj 
for this will leave more free paflage for tja^ 
water and navigation, and be a great faving in 
materials and labour, as there will be fewer 
piers and centers, and the arches themfdves 
will require lefs materials. 

For the fabric of a bridge, and the proper 
cftimation of the expence, &c. there are gene* 
rally neceflary three plans, three feftions, and 
an elevation. The three plans are fo many 
horizontal feftions, viz. the firft a plaiji of the 
foundation unc^er the piers, with the particular 
circumftances attending it, whether of gratings, 
planks, piles, &c. the fecond is the plan of the 
piers and arches, &c« and the third is the plan 
of the fuperftruAure, with the paved road and 
banquet* The three feftions are vertical ones; 
the firft of them a longitudinal fedtion from end 
to end and through the middle of the breadth; 
the fecond a tranfverfe one, or acrofs it, and 
through the fummit of an arch; and the third 
alfo acrofs, and taken upon a pier. The eleva- 
tion is an orthographic projefHon of one fide or 
face of the bridge, . or its appearance as viewed 

at 
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at an infinite diftance^ and (hews the exterior 
afpeft of the materials, and the manner in which 
they are worked and decorated 

Other obfervations are to be feen in the £rft 
I feftion. 

r 
) 

BuTMENTS, or abutments^ the extremities 

of a bridge, by which it joins to or abuts upon 

[ the land or fides pf the river, &c, Thefe muft 

f be made very fecure, quite immovable, and 

j more than barely fufficient to refill the drift of 

its adjacent arch. So that if there are not rocks 

or very folid banks to raife them againft, they 

muft be well reinforced with pr.oper walls or 

returns, &c. The thicknefs of them that will 

be barely fufficient to refift the fhoot of the 

arch, may be calculated as that of a pier by 

prop. 10. 

When the foundation of a butment is raifed 

\ againft a Hoping bank ef rock, gravel, or good 

* £blid earth, it will produce a fitving of materials 

I and labour, to carry the work on by returns at 

different heights, like fteps of ftairs. 

Caisson, a kind of che^^ or flat-bottomed 
boat,, in which a jMcr is built, then funk to the 
bed of the river, and. the fides loofened and 
taken off from the bottom, by a contrivance 
for that purpofe j the bottom of it being left 

under 
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under the pier as a fo^tldation• It is evident 
therefore that the bottoms of caiffons muft be 
made very jftrong and fit for the foundations 
of the piers. The caiflbn is kept 'a-float till the 
pier be biiilt to about the height of low-water 
mark ; and for that purpofe its fides muft either 
be made of more than that height at firft, or -^ 
elfe gradually raifcd to it as it finks by the 
weight of the work, fb as always to keep its 
top above water. And therefore the fides muft 
be made very flxong; and kept afunder by crofs 
timbers within, left the great' preflure of the 
ambient water crufli the fides in, and fo not 
only endanger the work, but alfo drown the 
men who work within it. The caiflbn is made 
of the fliape of die pier, but fome feet wider 
on every fide to make room for the men to 
woit : the whole of the fides are of two pieces, 
both joined to the bottom quite around, and 
to each other at the falient angle, fo as to be 
difengaged from the ;bottom and from each 
other when the pier iS raifed to the defired 
height, and funk. It is* alfo convenient to have 
a little fluice made in the bottom, occafionally 
to open and fliut, to fink the caiflbn and pier 
fometimes by, before it be finiflied, to try iif it 
bottom level and rightly; for by opening the 
fluice, the water will rufli in and fill it to the 
height of the" exterior water, and the weight 
of the work already built will fink it ; then by 
fliutting the fluice again, and pumping out the 

water. 
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v^ter, it mil be made to float again, and the 
reft of the work may be compkted : but it 
muft not be funk but when the iides are high 
enough .to reach above the furface of the water, 
ctherwife it cannot be raifed and laid dry again. 
Mr. Labelye tells us that tlie caiflbns in which . 
he built fome of the piers of Weftminfter bridge, 
contained above 150 load of fir timber of 40 
cubic feet each, and was of more tonnage or 
capacity than a 40 gun fliip of war. 

Centers, are the timber frames ereded in 
the fpaces of the arches to turn them on, by 
building on them the vouflbirs of the arch. As 
the center ferves as a foundation for the, arch 
to be built on, when the arch is comJ>leted, 
that foundation is ftruck from under it, to make 
way for the water and navigation, and then 
the arch will ftand of itfelf from its curved fi- 
gure. A center muft therefore be conftruded 
of the exaft figure of the intended arch, convex 
as the arch is concave, ,to recdve it on as a 
mould. If the form be circular,, the curve, is 
ftruck from a central point by a radius : if it 
be elliptical, it ought to be ftruck with a dou- 
bled cord, paiSng over two pins or nails fixed 
in the focuiTes, as the mathematicians defcribe 
their elKpfes ; and not by ftriking diflferent pieces 
or arcs of circles from feveral centers ; for thefe 
will form no ellipfe at all, but an irregular mif- 
ihapen curve made up of broken pieces of dif* 
N ferent 
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ferent circular arcs : but if the arch be of aay 
Other form, the feveral aUciflas and ordinatesi 
ought to be calculated, then their correfponding 
lengths, transferred to the centering, will give 
fo many points of the curve, and exadly by 
tvhich points bending a bow of pUable matter, 
the curve may be drawn by it* 

The centers are conftni<%ed of beams, &c. of 
timber firmly pinned and bound together, intd 
one entire compad frame, covered fmooth at 
top with planks or boards to place the vouflbirs 
on, the whole fupported by offsets in the fides 
of the piers, and by pies driven into the bed 
of the river, and capable of being raifed and 
depreffed by wedges, contrived for that purpofe, 
knd for taldng them down when the arch is 
completed. They ought aUb to be conftrufted 
of a firength more than fufikient to bear th^ 
. weight of the arch. 

In taking the center down ; firft let it down . 
a little, an in a piece, by eafing fome of the 
wedges ; there let it reft a few hours Qir days 
to try if the arch make any efforts to faM, ^ 
any joints open, or fix>nes cruih or crack, &c« 
that the damage may be repaired before th^ 
eenter is entirely removed, which is not to be 
done till the arch ceafe$ to make any vifible 
efforts^ 



In 
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In fbme bridges the centering makes a veiy 
confid^rable part s>i the ezpence, and therefore 
all means of faving in this article ought to be 
clofely attended to ; fuch as making few arches, 
and -as nearly aUke or fimilar q^ poffible, that 
the centering of one arch may ferve. for others^ 
and at lead that the fame center may be ufed 
for both of each pair of equal arches on both 
fides of the middle. 

Ch£st9 the fame as Caijfoth 

Cofferdam, the fame as Battardeau. 

Drift, Sboof^ or Thrufl of an arch, 'is the 
pufli or force which it exerts in the diredticui 
of the length of the bridge. This force arife$ 
£rom the perpendicular gravitation of the ftones 
of the arch, which, being kept from defcending 
by the form of the arch and the refiftance of 
the pier, exert their force in a lateral or hori- 
zontal direction. This force is computed in 
prop. 10, where the thicknefe of the pier is de- 
termined that is necefiary to refift it ; and is 
greater the lower the arch is> cateris paribus. 

Elevation, the orthographic projection erf 
the front of a bridge on the vertical plane pa- 
rallel to its length. This is neceffary to fhew 
the form and dimenfions of the arches and other 

N 2 parts 
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parts as to hdght and Iwreadth, and therefore 
has a plain fcale annexed to it to meafure the 
parts by. It alfo fliews the manner of working 
up and decorating the fronts of the bridge. 

Ext RAD OS, the exterior curvature or Knc 
of an arch. In the propofitions of the fecwid 
fection it is the outer or upper line of the wall 
above the arch; but it often means only the 
upper or exterior curve of the vbuffcMrs. 

Foundations, the bottoms of the piers, 
&c. or the bafes on which they are built. Thefe 
bottoms are always to be made with projeflions, 
greater or lefs according to the fpaces on which 
they are built. And according to the nature 
of the ground, depth and velocity of water, &c^ 
the foundations are laid and the piers built after 
difFanent manners, either in caifTons, in battar* 
deaux, on ftilts with fterlings, &c. for the par^* 
ticular methods of doing, which, fee each under 
its refpcftive term. 

.The moft qibvious and fimple method of lay- 
ing the foundations and raifing tKe piers up tor 
water-mark, is ,to turn the river out of its courfc 
above the place of -the bridge, into a new 
channel cut for it near the place where it makes 
an elbow or turn.; theu. the piers are built on^ 
dry ground, and the water turned into its old: 
courfe again, tji? ocw one being fecurdy banked 

up* 
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pp. This is certainly the beft method, when 
the new channel can be eafily and conveniently 
made; but which however is feldom or never 
the cafe. 

» Another method is to lay only the fpace of 
«ach pier dry till it be built, by furrpunding it 
■with piles and planks driven down into the bed 
of the river, fo clofe together as to exclude 
the water from coming in ; then the water is 
pumped out of the inclofed fpace, the pier built 
in it, and laftly the piles and plaiiks drawn up. 
This is coffer-dam work, but evidently cannot 
be praftifed if the bottom be of a loofe con- 
fiftence admitting the water to ooze and fpring 
up through it. 

When neither the whole nor part of the river 
can be eafily laid dry as above, other methods 
are to be ufed ; fuch as to build either in daif- 
fons or on ftilts, both which jnethods are de- 
fcribed under their proper words y or yet by 
another method, which hath, though feldom, 
been fometimes ufed, without ]aying the bottom 
dry, and which is thus : the pier is built upon 
ftrong rafts or gratings of timber well bovmd 
together, and buoyed up on the furface of the 
water by ftrong cables, fixed to other flotes or 
machines, till the pier is bult ; the whde is 
then gently let down to the bottom, which 
muft be made level for the purpofe. But of 

thefe 
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/e- methods^ that of building in cu0bns ]$ 
beft. 

But before the pier can be built in any man* 
ner, the ground at the bottom muft be well 
fecured, and made quite good and fafe if it be 
not fo naturally. The fpace muft be bored int^ 
to try the coniiftence of the ground ; dnd if a 
good bottom of ftone, or firm gravel, clay, &c> 
be met with within a cptoderate depth below 
the bed of thp river, the loofe land, &c, rmik 
be ren^Qv^d and diggfd out to it, and the fount 
dation laid on the firm bottom on a firong g^ 
ting OS bafe of timber made much broader every 
way thnn the pier, diat there may be the greater 
bafe to prefs oq, to prevent its bejng funk. Bu^ 
if a folid bottom cannot be found at a conve- 
Bient <i^th to dig to, the fpoce muft .then be 
driven foil of ftrong piles, whofe tops muft be 
ikwed off level Tome feet below the bed of ^ 
water, the iand having been previoufly <l}g^^: 
QUt for th^t. puipofe \ and tlien the foundatioa. 
on a grating of timber laid on their tops aa: 
before* Or, wh<n the bottom is not good) i£ 
k ba made level, and a ftroQg grating of tim-^ 
ber, two, three, or four times as large as the 
bafe of the pier be made, it will form a g4)o4 
bafe to build on, its great fize preventing it fron^ 
jinking* In driviag the piles, begin at tljie nwl- 
dle, . and • proceed outwards all the way to the. 
borders oi: tnargiii ; the reafon of which is, tbat 

if 
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if the outer ones were driven firft, the earth of 
the inner fpace would be thereby fo jammed 
together, as not to aflow the inner piles to be 
driven. And befidcs the i«les immediately under 
the jriers, it is alfo very prudent to drive in a 
(ingle) double, or triple row of them around and 
clofe to die frame of the foundation, cutting 
them off a little above it, to fecure it from 
flipping afide out of its place, and to bind the 
ground under the pier the firmer. For, as the 
fafety of the whole bridge depends on the foun- 
dation, too much care cannot be ufed to have 
tiie bottcMn made quite fecure. 

* J«TTEE, the border made around the ftilts 
linder a pier, being the fame with Sterling. 

Impost, is the part of the jrier on which 
the feet of the arches fiand, or from which they 
fpring. 

Keystoi^e, the middle vouffoir, or the arch 
ftone in the top or> immediately over the center 
oF the arch: The length of the keyftone, or 
thicknefs of the archivolt at top, is allowed to 
be about i-i5th or i-i6th of the fpan, by the 
beft architefts. 

■ Orthography, the elevation of a bridge, 
or front view as feea at an infinite diftance. 

Parapet, 
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Parapet, the breaft wall made on the top 
of a bridge to prevent paJSengers from falling 
over. In good bridges, to build the parapet but 
a little part of its height clofe or folid, and upon 
tliat a baluftrade to above a man's height, has 
an elegant efFed. 

Piers, the walls built for the fupport of 
the arches, and from which they fpring as their 
bafes. 

They ought to be built of large blocks of 
ftone, folid throughout, and cramped together 
with iron, which will make the whole as one 
foUd ftone. Their faces or ends, from the bafe 
up to high-water mark, ought to projeft Iharp 
out with a falient angle, to divide the ftream* 
Or, perhaps, the bottom of the pier ihould be 
built flat or fquare up to about half the height 
of low-water mark, to allow a lodgment againft 
it for the fand and mud, to cover the founda- 
tion ; left, by being left bare, the water ihould 
in tune undermine and fo ruin or injure it. 
The beft form of the projection for dividing the 
flreato, is the triangle ; and the longer it is, or 
the more acute the falient angle, the better it 
will divide it, and the lefs will the force of the 
water be againft the pier; but it, may be fuffi- 
ci^nt. to make that angle a right one, as it will 
make the work ftronger, and in that cafe the 

per- 
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perpendicular projeftion will be equal to half the 
b):eadth or thicknefs of the piet. In rivers on 
which large heavy craft navigate and pafs the 
arches, it may perhaps be better to make the 
ends femicircular ; for although it does not di- 
vide the water fo well as the tiiangle, it will both 
better turn off and bear the fliock of the craft. 

The thicknefs of the piers ought to be fuch as 
will make them of weight or ftrength fufficient 
to fuppott their interjacent arch independent of 
any other arches. And then if the middle of the 
pier be run up to its full height, the centering 
may be ftruck to be ufed in another arch before 
the hanches are filled up. The whole theory of 
the piers may be feen in tlie third feftion. 

They ought to be made with a broad bottom 
on the foundation, and gradually diminifhed in 
thicknefe by offsets up to low-water mark. 

The methods of laying their foundations, and 
building them up to the furfacc of the water, 
are given under the word foundation. 

PrtES, ire timbers driven into the bed of 
the river for various purpofes, and are either 
round, fquare, of flat like planks. They may 
be of any wood which will not rot under water, 
but oak and fir are moftly ufed, efpecia^y the 
latter, on account of its length, ftreightnefe, and 

O cheap- 



9^ 5^^ Principles ^ Bridges* 

cheapiiefsi They are fhod with a pointed iron 
at the bottom^ the better to penetrate into the 
ground ; and are bound with a ftrong iron band 
or ring at top, to prevent t;hem from being fpKt 
by the violent ftrokes of the ram by which they 
are djiven down* 

Piles are either ufed to build the foundations 
on, or are driven about the pier as a border of 
defence, or to fupport the centers on ; and in 
this cafe, when the centering, is removed, they 
muft either be drawn Up or fawed oflF very low 
under water ; but it is perhaps better to faw 
them off and leave tliem flicking in the bot- 
tom, left the drawing of them out fliould loofeii 
the ground about the foundation of the pier. 
Thofe to build on, are either fuch as are cut off 
by the bottom of the water, or rather a few feet 
.within the bed of the river ; or elfe fuch as are 
cut off* at low-water mark, and then they are 
called ftilts. Thofe to form borders of defence, 
are rows driven in clofe by the f rarne of a 
foundation, to keep it firm j or dfe they are 
to form a cafe or jettee about ftilts, to keep 
within it the ftones that are thrown in to fill 
it up ; in this cafe, the piles are grooved, driven 
at a little diftance^from each other, and plank 
piles let into the grooves between them, and 
4riven down alfo, till the whole fpacc is fur- 
C>unded. Befides ufing this for ftilts, it is alfo 
ibn^ttijnes neceffary to furround a ftond pier 

with 



with a fterling or jettee, and fill it up with 
ftones to fecure an injured pier from being ftill 
more damaged, and the whole bridge ruined; 
The piles to fuppoit the centers may alfo ferve 
as a border of piling tp fecure the foundation, 
cutting them off Ipw enpugh after the center 
19 rempved,' 

\ 
PitE DKiyEEy an engine for driving down 
the pUest It coniifts of a large ram of iron 
Aiding perpendicularly down between twp guid^ 
pofts ; which being lift up to the top of them, 
and there let fal{ from i great height, conies 
down upon the top of the pile with a yident 
l^lpw.* It is worked ^ther with men oc horfes, 
and either with or without wheel warlc ThaO 
which was u£ed at- the. building of Wefhninfler: 
bridge, is jperhaps the beft ever invented. 

P IT CH, of an arch, the perpe]>dicular height 
&oni the i^rsQg cur imppft to the keyflone. i 

: PlLAsr, of any part, a9 pf th^ fpundatioilis, 
or piers, or fuperflrudure, is the orthographic! 
prQ^oS6oa of it pa a |^ne parallel tp the ho<» 
menu 

Push, of an arch^ the £une as drift, Ifaoot^ 
. .., . >Q.a .Salient » 
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Salient Angl'^, of a pier^ the projeAioi^ 
of the end againft the ftream^ to divide it. Th? 
right-lined angle bcft divides the ftream, and 
the more acute the better for that purpofe ; but 
t^e right angle is generally tifed as making thcj 
beft mafonry. A femicircular end, though it 
does not divide the ftream fo well, is fomctimes 
better in large navigable rivers, as it carries 
the craft the better dBF, or bears theif ihocks 
the better. ^ - 

Shoot, of an arch, the fame as drift* 



Sp&ingbrs, . are the firft or loweft fione» 
of an arch, being thofe at its feet bearing kn* 
mediately on the impc^ 

Sterlings, or Jettees, a kind of caie made 
about a pier of ftilts, &c. to fecure it, and is 
particulaarly defcribed under the next word StilU. 

Stilts, a fet of ptles^ driven into the i^ace 
intended for the pier^ whofe tops being iawed* 
level off about low- water mark, the pier is then: 
raifcd on/ them. This method was formerly: 
iifed when the bottom of the river could not 
be laid dry ; and thefe ililts were furrounded, 
at a few feet diftance, by a row of piles and 
planks, &c. clofe to them like a coffer-dam, and 
calkd a ilerling or jettee j after which loofe 

floncS| 
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ftones, &c.. arc thrown or poured down intd 
the fpace till it be filled. up to the top, by 
that means forming a kind of pfcr of rub* 
'We or lopfe work, and which is kept together 
*by the fides or llerlings : this is then paved 
level at the top, and the arches turned upoii 
it. This method was formerly much ufed, moft 
^of the large • old bridges in England being c- 
xefted that way, fuch as London bridge, New^ 
cstftle bridge, Rochefter bridge, &c. But the 
inconveniencies attcncting it are fo great, that 
it is now quite exploded and difufed : fbr, be^ 
caufe of the loofe compofition of the piers, they 
muft be made very large or broad, or elfe the 
arch would puih them over and ruih down as 
foon as the center was drawn ; which great 
breadth of piers ai|d ilerlings fo much contrads 
the paffage of the water, as not only very much 
incommodes the Mv^tion -though the arch, 
from the fall and quick motion of the water, 
but from the fame caufe alfo the bridge itfelf 
is in much danger, efpecially in time of floods, 
when the water is too .much for the paflage. 
Add to this tliat befides the danger there is 
of* the pier burfting out the fterlings, they are 
alfo fubjeft to much decay and damage by the 
velocity of the water and the craft pafling 
through the arches. 

Thrust, the lame ^s drift, &c. 

Vous- 



